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1 *1   Aim of v/ork
This Y/ork is a continuation of a project started by 
Matter son ( / } cud Shahbenderian ( 3 ), the aim of which is 
to elucidate the mechanism of operatioii of concentric 
cylinder wetted \vall fractionating columns v/ith the inner 
cylinder stationary or rotating. In this chapter are 
given the r.asons for the choice of this type of column for 
this investigation and the fl-ima of the .resent research 
programme*
1*2* Prediction of performance
In any distillation column, if the physical situation 
is known and the liquid and vapour phases "behave in a pre- 
dictable and determinate fashion» it should be possible to 
predict the column performance (i*e* the separating power 
for given operating conditions) from the appropriate laws or 
correlations governing rates of ccnvective mass tr^jr.sfer* 
One of the aims of the present work is to examine the validity 
of accepted methods for making such predictions by comparing 
the experimental data from a particular type of column v/ith 
the theoretically oredicted values*
1,3» Choice of suitable distillation column
£here are many types of fractionating ccluinji in 
common use* These fall into three principal classes; 
plate coluTins, packed columns and wetted-wall columns* 
Only/
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Only this last-named class contains columns in -ssrhich the 
valour and liquid phases behave in a predictable and 
determinate manner. The fluid mechanical situation 'in 
plate columns 01* various types is usually extremely complex, 
while the _'lov*' paths in paciced columns are neither reprodu- 
cible nor predictable*
1*3^ Oper tube column
The simplest wetted wall column is the open-tube 
column. The vapour ascends the main body of the tube, is 
condensed., arid the reflux descends on the tube inner surface, 
spread in a uniform film.
In 194-2, ..esthaver ( & ) and Kuhn ( 7 ) independently 
derived a theoretical expression for H. : =.T.P. in an open- 
tube column for the case of laminar vapour flow. When the 
mass transfer resistance is exclusively on the vapour side,
this expression is:
2 2
11 V r V
They considered the mass transfer proce.-ses accom- 
panying distillation to be analogous to the heat transfer 
process in the corresponding heat exchange situation v;ith 
constant heat flux at the wall.
Later, in 1955* Llalyusov ( 8 ) develox:>e.: a similar 
expression: £
H = 0.01? -5—
In which hs assumed constant temperature at th   vrall instead 
of constant heat flux in the heat transfer analogue. 
There/
- 3 -
There is good reason to suppose that the assumption 
of constant vfall flux made by -.esthaver and .Ljihn is correct.
It is difficult to provide positive experimental 
verification of cither one or other of these relations 
since the perforiaance of the open-tube column is very poor 
except at low throughputs* It is therefore not possible 
to alter the independent variable over c. wide rarge to 
obtain a suitably broad, range of accurately measurable 
values of separating power so as to establish the form of 
the relation. In addition, the physical constants of many 
suitable test mixtures are uncertain, so it is difficult to 
verify the value of the constant in the theoretical equations.
'1.32 Concentric tube column
The concentric-tube fractionating column is another 
such column amenable to theoretical treatment, For given 
column diameter and throughput, better separating power can 
be obtained than -with an open tube; and the vapour velocity 
can be altered independently of the throughput by varying 
the annular gap v.ddth. The performance can thus be checked 
against theoretical prediction over a wider range of 
operating conditions* However, an uncertainty not present 
in the open tube column is inherent in this colunns because 
there are two solid surfaces instead of one, rei.-. 
descend one, or oth, walls*
For one wall evenly wetted, V/esthaver pi-e <icted:
and for both walls evenly wetted, witli tne reflux, equally 
dirided between each walls
- L
140
l?or identical boilurj rates, the separating power is 
thus approximately three times greater for the latter case 
than for th:; Conner. Flower ( 22 ) has shown that for 
reflux unecually divided between the walls!
ll 1?
where K^ is the E«.'':;,T.P. for both walls equally vretted with 
reflux, ail'.7 the reflux is divided between th2 surfaces in 
the proportions (0.5 + £ ) and (0.5 - $ )  Unless special 
attention ic paid to the design of the column to ensure a 
imown division of reflux, it is not possible tc ve.rify 
Yfesthaver 1 s equation. In ;aost of the published investi- 
gations with these columns, this point has been largely 
disregarded. Often, however, it is possible tc infer that 
the results a./o not inconsistent with Uesthaver* s theory.
1 «33« Rot cry concentric tube column
A thir;":. typ2 of v/etted wall coluiiin is the rotary 
concentric cylinder fractionating column. The rotation of 
the inner cylinder is in most cases sufficient tc throw off 
reflux by centrifugal action, so the problem of r -f lux 
division is avoided. I'oreover, such columns are jaio.vn to 
have very hi£h .^^\.,_.,..^ pov;er ( Z ,3 ,4- ). This 
means that -he effect of the independent vari biers v 
studied over oh v.dder ran^e tlian is o<. Ic in the 
open tube case. In ad'iition, a new i " .lent "* - 
is intro''u>. o' 1 , :ia*.^'ly the ^peed of roti-tion cf ti»t inner 
cylinder, v/hich ou^ht to l.ave a pre ic table ef 'ec < -.
- 5 
It is possible to infer, f ran the work of Kaye and 
Elgar (21) 9 Viewer (ZL ) and Todd (» ) what will be the
motion of the vapour at a given boilup rate and rotor speed 
in such a column. Fur thermore , if the conditions of 
operation are cho-en such that the vapour motion is laminar 
+ vortex, experimental correlations developed from the data 
of these and other workers for heat and mass transfer in 
similar system indicate that the following relations
would be ejected:
JL 
K-oc (Ta) 2 at constant (Re )
3JX
H ec (Re ) at constant (Ta)
QX-
Hiece two types of distillation column described in 
1*32 and 1 o3 are therefore suited to the investigation of 
the theory of distillation, since the performance can be 
predicted for various operating conditions, and compared 
with experimental data obtained over a wide range of 
operating variables*
t *lj.. Purposes of investigation
The general programme of Y/or-r: in this fieldj begun 
by Matterson and. continued by bhahbenderian and Flower.^ has 
a twofold purpose!
a) To put the practical design of rotary concentric 
cylinder fra: ti onating columns on a rational basis, so that 
the scope and lirdtations of this type of distillation 
equipment racy be properly assessed;
b) To examine the applicability to this particular 
case of general- theories of mass transfer and distillation. 
The/
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The present investigation, in which tvvo columns of 
different sii;e but similar geometry were used, has been 
directed to tl^ese ends. In particular, it attempts to 
resolve the apparent conflict uetween the distillation data 
of oilliiighain et al. ( ** ) and of Shahbenderian ( 3 ) f and 
of both these sets of data with the predictions made from 
other kinds of mass transfer measurements (notably these of 
Flower). In the former paper, under the relevant conditions 
of operation, L. cc la, while Shahbenderian1 s data shows no 
significant dependence of separating power on rotational
speed. The mass transfer studies of Flower, Shahbenderian,
_! 
Todd and o JierG lead to the expectation that N oc (Ta) 2 .
1»5* Brae tical uses
Rotary concentric cylinder fractionating columns are 
of practical interest because of their high separating power 
at relatively high vapour velocities, an" their low holdup 
and pressure drop. It is clear that such columns should be 
of use in the separation of small amounts of close-boiling 
materials on a laboratory scale.
The stationary concentric tube column is also capable 
of efficient separation-, provided care is taken vdth the 
reflux division. It is possible that the performance with 
the rotor stationary would be better than that vdth the inner 
cylinder rotating at low speed. If this is so, it is of 
interest to determine the niniraum rotational speed necessary 




In this chapter, it is intended to present the outline of 
theories for the operation of concentric tube distillation columns 
nith the inner cylinder:
(a) stationary
(b) rotating.
From these theories, inferences will be drawn which will 
then be compared with the experimental data of various workers. In 
appropriate cases, and where there are apparent contradictions with 
theory, more detailed analyses and comparisons will be presented in 
Chapter V along with the discussion of experimental data obtained in 
the present study.
2*2, Stationary-tube columns. \ 
2.2.1. Theory.
In 1942, Westhaver (// ) outlined the theory of operation of 
an open tube distillation column which he extended to cover the case 
of a concentric tube column operating either 
1) with only the inner tube wetted 
ii) both tube surfaces equally wetted,
with reflux:
Westhaver justified the assumption of equilibrium between the liquid 
surface and the vapour in its close proximity from kinetic theory 
considerations. The case of equilibrium reached under conditions 
of total reflux was considered, and assumptions of a uniformly 
distributed film, laminar flow of vapour equivalent to that obtained 
between 2 parallel platea and negligible liquid side resistance to 
mass/
nass transfer were made. This resulted in the derivation of the 
following expressions:
uv yv 2.1 
for one wall wetted
w II 140 •• •* *
for both walls wetted.
Neglecting liquid side resistance, the separating pOTrer at identical 
boilup rates is approximately three times greater when the reflux
wets both walls etjually than when only one wall is wetted. It is 
thus most important when designing such a distillation column to
ensure that the reflux is evenly distributed between both walls, or 
that the reflux proportions are known when comparison is made between 
theory and experiment. Flower (2Z ) has shown that
(H ) (1+140 6 2)
where (H-) is the H2TP for~ n
both walls wetted and the reflux is divided between the two walls in 
the proportion (0.5 + 6) and (0.5 - 6),
In Westhaver' s theoretical treatment the following fVirther 
assumptions were made:
1) The test mixture is close-boiling ( a < 1.1 )
2) the vapour velocity up the tube is constant
3) the vapour velocity is large compared with the liquid velocity
4) HETP is large compared nith the gap-width
5) the column operation is adiabatic
6) the vapour diffusivity is constant with composition
7) Longitudinal diffusion is negligible
8) Entrance length is snail compared with the column-length.
In all the experimental work considered below, the test- 
mixture used is either n-heptane/methylcyclohexane or 224 
trimethylpentane /methylcyclohexane. Not only are the relative 
volatilities of these mixtures below 1.1 (which meets requirement 1), 
but an assessment of suitable test-mixture for evaluation of high- 
performance fractionating columns in Chapter HI shows that both 
these mixtures are substantially ideal, with chemical and physical 
properties which do not vary appreciably with composition. Provided 
column operation is adiabatic, requirement 2 (and of course 5) will 
be met. Other assumptions will be considered when individual 
cases are examined.
2.2.1.1. Liquid side resistance.
Shahbenderian has shown that the HETP due to liquid side 
resistance is given by:
Ai 2.3.
L
The total HETP is obtained by adding H to H_. There is 
evidence that liquid side resistance is unimportant in stationary 
concentric tube columns. Although the absolute values of the 
diffusivities DT and D are not known they can be estimated, and an 
estimate thus made of whether H, is likely to make a significant
contribution. This assumes that existing correlations for D. andjj
V
10.
D are not very far wrong.
2.2.1.2. Analysis for wide gaps.
In his theory, YTesthaver assumed that the vapour flow in an 
annular gap was identical with that between two parallel plates 
separated t>y a distance equal to the annular gap width. In 
Appendix A an expression for HETP is derived using the correct 
velocity profile for laminar flow in an annulus. In all cases the 
value of HETP derived using the expression for annular laminar flow 
is lower than that obtained when the curvature of the gap is 
neglected, as in the simple parallel plate case. These theoretical 
values of HETP were calculated for various columns described in the 
literature and are compared in Table AI in Appendix A with the 
corresponding parallel plate values. For the very low b/r   
0,071 of Shahbenderian (-3 ) the discrepancy is 0.8£ and for the
highest b/r of Hall and Palkin (>3 ) it rises to 9.2$.
2*2.2. Operation of stationary concentric-tube columns. 
2*2.2.1. Material losses at s -billhead.
It is important to ensure that the column operates at total 
reflux. Coulson ( 9 ) has shown that a slight leak of distilland at 
tha stillhead can reduce the separating power of high performance 
columns considerably.
2.2.2.2. Heat losses.
Heat losses may occur: 
i) at the stillpot 
ii) along the column 
iii) at the column section adjacent to the condenser.
Heat/
11.
 *. --.-. Heat loss at the last probably will not be significant in 
causing the column conditions to depart from Westhaver's assumptions, 
as its effect will be to extend the condenser proper into the 
rectifying section by a small amount thereby causing material to be 
condensed before the distillate take-off point. -
The other two sources of heat loss may be serious. In 
small laboratory scale columns the amount of heat required to 
maintain a typical boilup rate of 300 ml/hr. is very small, c. 18 
watts, Italess the stillpot is very well lagged and shielded from 
draughts in order to eliminate heat loss fluctuations, significant 
variations in boilup rate may be expected. '  
At these low boilup rates, a small radial heat flux from 
the column can be sufficient to cause significant progressive 
vapour condensation along the column length and it will not be 
possible to predict separating power because of the resultant 
diminution in vapour velocity. A mean value of boilup rate may be 
assumed from knowledge of the reflux flow rates at the top and 
bottom of the column and thereby a mean value of HETP can be 
predicted, if the heat loss is not too large.
2.2.2.3. Reflux distribution.
The importance of reflux division has been made clear in an 
earlier section. However, it is equally important to ensure that 
any wetted surface is uniformly wetted at all boilup rates otherwise 
the assumption of known interfacial area will be invalidated and 
the column performance will deteriorate sharply. To ensure this, 
the distillation column must be vertically mounted and the 
condenser/
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condenser should discharge the reflux over a horizontal weir edge 
or onto some de-vice which will distribute the reflux evenly. The 
presence of a contaminant such as silicons grease can cause the 
liquid film to break up completely into droplets. Rivulet 
channelling will also occur if the test mixture is negative in the 
terminology of Zfciderweg and Harmans ( /0 ) and the surface tension of 
the more volatile component is greater. In the work presently 
under discussion this channelling will not occur as a result of 
surface tension differences, since both test-mixtures under 
consideration are neutral*
2.2.3. Previous experimental data.
The work done with columns used by Naragon and Lewis (// ), 
Donnel and Kennedy (iL) and Hall and Falkin ( '3) will now be 
assessed and compared with the theory of Westhaver,
2.2*3*1* The work of Naragon & Lewis.
Naragon and Lewis (/; ) described the construction and operat- 
ion of a concentric tube fractionating column, 30*5 cm, in length 
with inner and outer tube radii of r.. = 0.32 cm, and rQ a 0.^0 cm. 
Especial care was taken to ensure even division of reflux between 
the inner and outer walls. n-Heptane/methylcyclohexane was used as 
test mixture.
Boilup rates were varied between 77*0 ml/hr. and 122 ml/hr. 
and were determined by measuring the drip rate into the stillpot. 
However, there is evidence of heat loss, as the authors observed 
only a minute amount of reflux in the condenser at the lowest rate of 







Distillation data of Raragon (12).
HBTP (OB) v. Boil-up Bate (lO/hr)
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Diftiilation data of Hall and Palkin (13) 
HBTP (om) v. Boil-up Bate (ml/hr).




that this heat loss was through the lagged vacuum jacket 
surrounding the rectifying section.
Assuming the reflux rate at the top of the column at the 
lowest heat input was c. 5 ml/hr., mean boilup rates were from 
41 - 8k mVnr»» a twofold range. Reproducibility of separating 
power measurements varied from - 4.<$ at the lowest to i 7^ at the 
highest boilup rates. Apart from the lowest boilup rate values, 
the results do not conflict with Westhaver theory and are shown 
opposite in fig. 2*1. However, it must be remembered that mean 
values of boilup rate have been used, so the results must be 
treated with caution. It is a pity the authors did not eliminate 
this slight heat loss, in view of the precautions which were taken 
to ensure equal division of reflux.
2.2.3.2. Hall and Palkin.
Hall and Palkin used a concentric tube distillation column 
238 cm. in length with inner and outer tube radii of r, = 0.5 cm. 
and rQ B 0*65 cm. The column was constructed so that all the 
teflux was returned to the inner tube which was made of interlocking 
tube segments whose surface was wound with a fine glass thread which 
promoted even circumferential reflux distribution. Like Naragon 
and Lewis, they used n-heptane/methylcyclohexane as test-mixture. 
Boilup rates were varied between 75 - 300 ml/hr., as measured by 
counting the drip rate at the top of the column. Radial heat 
loss was minimised by means of an air jacket and magnesia lagging. 
The results are shown opposite in Fig. 2*2, together with the 
theoretical curve for one wall wetted which is drawn using the 
experimental/
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experimental data of Naragon and Lewis, assuming their corrected 
Values represent the case of both walls wetted* The separating 
power at low boilup rate is poorer than predicted and this may be 
due to the estimations of boilup rate having been erroneously low. 
These rates were measured by counting the drip rate at the top of the 
column and there is known to have been slight heat loss. On this 
basis, the results at high boilup rates are better than predicted 
for one wall wetted and the large scatter suggests that reflux was 
present on both walls in some of the tests.
Donnel and Kennedy (IZ ) conducted distillation in a column 
94 cm. in length with inner and outer radii of r, = 0.63 and TQ - 
0.70 giving annular gap width b * 0.875 cm. In constructing the 
column they used the method of Naragon and Lewis to ensure that the 
gap width was uniform* The boilup rate was varied between 35 and 
160 ml/far. For the work at lower boilup rates (34-61 ml/hr.) a 
test-mixture of 224 trimethylpentane/methylcyclohexane vras used, 
and for the higher values n-heptane/methylcyclohexane was used. 
The authors claim that at intermediate boilup rates, there was no 
difference in separating power between the test mixtures for the 
same boilup rate although no relevant results are given in support 
of this* The few results obtained under adiabatic conditions are 
either as good as, or slightly better than those predicted for one 
wall wetted. Other results which gave slightly better values of 
separating power were obtained with a controlled heat leak.
Of these three columns investigated, only in the first two 
oases namely that of Naragon and Lewis, and of Hall and Pal kin was 
close attention paid to the problem of reflux division. 
Unfortunately/
15.
Unfortunately, in both these cases, there is evidence of heat loss 
in the column operation so it is not possible to state 
conclusively that the theory of 'Testhaver has been verified. 
However, on their evidence it can be stated that these results are 
not in disagreement with the theory of 7esthaver. The experimental 
data of the He three workers illustrates the difficulty of 
providing positive verification of the theory of ^esthaver.
Certain experimental data have been obtained from rotary 
concentric tube fractionating columns with the inner cylinder 
stationary. These data are more conveniently grouped with the 
other data obtained with the inner cylinder rotating.
2.3* Columns with the inner cylinder rotating.
Rotating the inner cylinder of a concentric tube column can 
have two effects:
i) Reflux will be thrown off leaving the rotor surface 
substantially dry.
ii) The vapour in the annulus will have its flow pattern 
altered in a predictable fashion.
The first of these effects eliminates any uncertainty due to the 
possibility of unequal reflux division, and the second improves the 
column performance in terms of separating power, provided that the 
major proportion of resistance to mass transfer is in the vapour 
phase. A new independent variable is thus introduced into the 
system, namely the rotor speed, which should have a predictable 
effect on separating power. Above a certain rotor speed, the 
improvement in separating power should more than compensate for the 
loss/
FIG.2.3
Vortex flow patterns in an annulut•
I
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loss caused by restricting reflux to one surface by the centrifugal 
action of the rotor.
Before proceeding to a discussion of results obtained from 
such columns a brief resume* of fluid flow and mass transfer 
phenomena in rotary concentric tube equipment is presented.
2.3»1« Fluid motion between rotating concentric cylinders. 
2.3.1.1. Absence of axial flow.
In a concentric cylinder system, rotation of the inner 
cylinder above a certain critical speed causes the motion of the 
fluid occupying the annulus to depart from a laminar motion to 
regular axisymraetric flow consisting of vortices which rotate in 
pairs (Fig. 2.3*)* These vortices are called Taylor vortices. 
Taylor (/4-, (5*) predicted and confirmed experimentally that the 
critical rotational speed for small annular gaps (defined as 
/r < 0.3) is given by:-
TaQ = 41.2
Ta
where Ta is defined:
4 t fc)
2.3.1.2. With axial flow.
At a sufficiently high rotor speed with low axial flow, 
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As the axial flow rate is increased the angle of tilt of these 
bands increases, and they pass from a 'flowing ring 1 to a 
'flowing spiral 1 fora* Alternatively if the axial flow rate is 
held constant, and the rotor speed increased from a low value, the 
fluid motion changes from laminar to 1jMM"**r + vortex above a 
critical speed. The greater the axial flow rate the larger will 
be the critical rotor speed (or Ta) at which the transition occurs. 
In all, at least four distinct regimes of vapour flow have been 
defined: laminar; l*"*rlTmr + vortex; turbulent; turbulent + 
vortex* A diagrammatic plot illustrating the regimes is shown 
opposite.
In this case of axial and rotational flow between coaxial 
rotating cylinders, there are five variables (ai, tt, b, r, \> ) and 
the greatest , ^ number of these that will not form a 
dimensionless group is two (since two fundamental dimensions are 
involved). Three dimensionless groups are therefore necessary to 
define the fluid mechanics in such a system. These three groups 
can be:
T* - * ri* F-
Re « 2 u b
Geometric factor = r.
w
1500 -
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In principle, then, for comparison of two sets of data from 
different rotating concentric cylinder systems, these should be
geometrically similar with the same r . Each transition curveo
shown in Fig. 2.4 is therefore a member of a family of such curves, 
each corresponding to a different value of ' r . In practice, 
however, the work of Flower (ZZ ) has established that the position 
of the laminar/laminar + vortex transition curve is only very 
weakly dependent on the value of vr when the data are plotted in 
the manner of Fig. 2.4 so that a single curve of Ta versus Re can 
represent this transition for a wide range of r values within the 
limits of experimental error. The transition data for 'laminar- 
laminar *• vortex flow of Becker ( '£ }, Flower (*;i ) and Toad (23 ) 
are plotted Jjn Fig. 2.5.
2.3-2. Laminar + vortex flow.
In the operation of rotary fractionating columns, the 
laminar + vortex regime is of principal interest. Mass, heat and 
momentum transfer data obtained from similar systems lead to the 
expectation that in the fractionating columns used in the present 
investigations and in those recorded in the literature:
i) the vapour motion will be laminar + vortex over a wide 
range of operating variables
ii) the effect of Ta on separating power ought to be 
predictable.
2.3.3. Dependence of Nu on Ta in laminar + vortex regime.




Nu a (Ta)°*5 (2.4) 
Sh a (Ta) 0 *5 (2.5)
Bjorklund and Kays^obtained a heat transfer correlation 
which reduces to:
0 «5 °'25 
NU a (Ta) U° /rQ
^ r1
Gazley (/8 ) and Backer ('£) obtained similar values for the Ta 
exponent although Haas and Nissen ( if ) found when water was used as 
the heat transfer medium:
Nu a (Ta) 0 '22 .
Replacing the water by air gave a relation similar to equation 2*4* 
Tachibana, Fukmi and Mitsumura (2o ) varied Pr by using oil and 
air. They aljo varied ** between 0.0323 < 'r. < 0.256 
and found:
Nu * 0.422 (Ta) 0'5 /rn \°*25 (Pr) 4 ,
Mass transfer investigations have yielded similar 
correlations. In his mercury vapour transfer work, Shahbenderian 
found
Sh » 0.45 (Ta)0 *5 /r0 \ °* 25 .
^ rl'
Results of Vaporization studies described in an anonymous 'Shell* 
report (-24) showed a similar relation.
Although at higher values of Ta (Ta > 1000) when in the 
laminar/
20.
laminar + vortex regime, Flower (ZZ ) noted that the Ta exponent 
fell to a low value of 0.3. He points out that this effect might 
be due to abnormal depression of the liquid surface temperature 
caused by high evaporation rates at high Ta. The mass transfer 
work of Todd (23 ) supports equation 2.5.
Batohelor ( 2s ) found that within the laminar + vortex 
regime a momentum transfer relationship similar to those for mass 
and heat transfer is obeyed. He also advanced a theoretical 
argument in explanation of the dependence of torque upon the square 
root of Ta in this regime. Shahbenderian extends this argument 
by assuming that the thicknesses of the momentum and mass transfer 
boundary layers are the same and derives an expression for 
separating power:
K « 2 (Ta)°*5 r\°'25
W(Re) (So) 1
In spite of some arguable assumptions in this analysis, it 
appears likely from the experimental data presented above that:
t
N a 1 (Ta)0 '5 (Re)"1 /rQ \°
IH f(s»)
or that
H a (Re) (Ta)*0 '5 /r^ °'25 *(So) (2.6)
It should thus be possible to compare individual workers 




2.3.4. Previous distillation work with rotating concentric
cylinder columns. 
2. 3.4.1 . Willingham et al.
^illingham et al ( 4* ) described the construction and 
performance of a rotary concentric tube distillation column with 
rectifying section 58.4 cm. in length and inner and outer tube 
radii ^ a 3.72 cm. rQ s 3.83 cm. and annular gap of 0,109 cm., 
giving a 'rQ * 0.029. The test mixture used was 2.2.4 trimethyl- 
:pentane/methyloyclohexane . Vapour was condensed at the stillhead 
by a main condenser and a side-condenser. This oondensate flowed 
through the upper rotor bearing and through six holes drilled in the 
bearing mounting plate: no precautions were taken to ensure that 
reflux was evenly distributed around the outer tube surface. Heat 
loss from the rectifying section was minimised by the provision of 
three Niohrome heating elements surrounded by thermal insulation, 
which were used to maintain appropriate temperatures in conjunction 
with thermocouples.
The column performance was investigated over the ranges 
boilup rate 1000-4000 ml/hr. and rotor speed 1750-4000 rpm. which
correspond to 140 < He < 560 and 400 < Ta < 940 respectively,
2 assuming the vapour kinematic viscosity % * 0,0306 cm /sec.
This means that the vapour flow was in the laminar + vortex regime 
throughout! assuming that the data in fig. 2.5 is correct and the 
assumed value of V is roughly correct.
At Ta = 0, the experimental values of separating power were
between 3 and '2 the values predicted by Westhaver for one wall
wetted. Since no precautions were taken to ensure a uniform 
reflux/
PIC 2.6 
Distillation data of Willingham et al (4) •
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reflux film (e.g. by the use of a weir or similar device) it is
likely that the authors' surmise of poor reflux distribution being
responsible for the poor separating power is correct.
The remaining results are shown plotted opposite in Fig.2.6. 
At higher values of Ta (Ta > 600 - n > 2?00) HETP increases 
linearly with boilup rate and nowhere is the relationship H a
«»Q c
Ta"* *y obeyed. Although it is possible to estimate a value of b* , 
it is still not possible to predict absolute values of HETP, as the 
form of the relation of HETP with So is unknown. However since 
the same test-mixture was used in the present investigation, which 
is described in detail in Chapter V, it is possible to estimate 
a value of f(Sc) from the present work. Using the relation given 
as equation 2.6, absolute values of H can be estimated for various 
Ta and Re. These estimated values have been plotted with Willingham 
et al experimental data in fig. 2.6. At the highest rotor speed, 
Ta a 940, the experimental results agree, but at lower values of Ta 
the divergence between estimated and experimental data becomes 
progressively greater. Moreover, at lower rotor speeds 
(Ta < 540; n < 2300 rpm.) the variation of H with boilup 
rate is no longer a straight line at constant Ta.
Assuming that the distribution of liquid reflux is uniform, 
(which is likely at the rotational speeds used since with the 
narrow gap width the vapour drag will be sufficient to spread the 
liquid evenly) and that the rotor surface is substantially dry (as 
most reflux will be flung off by centrifugal action), these results 
are surprising* It is possible, however, that under certain 
conditions/
23.
conditions of operation there is liquid side resistance to mass 
transfer present. This point will be amplified in Chapter V, 
when the results ox' tUe present experimental investigation are 
assessed.
2.3-4.2. Results of Sladacek.
Sladacek ( -5" ) described experiments on a rotary concentric 
tube distillation column cm, in length and outer tube radius 
ro « 1.61 cm. Into this tube could be inserted each of 3 rotors 
to give inner tube radii of n = 1.34 cm., 1.41 cm. and 1.51 cm.
respectively. These three rotors gave b/ r = 0.168, 0.124 ando
0.062 respectively. The boilup rate was constant at 600 ml./hr.
which i« equivalent to Re = 230, assuming vapour kinematic viscosity
2 of N) « 0.031 cm /sec. Rotor speeds were varied over the range
3500-8500 r.p.m. by means of a variable frequency generator driving 
a f canned* squirrel-cage rotor. This speed range gave Ta in the 
range C.400-4000. overall. The test mixture used was n-heptane/ 
methylcyclohexane. Heat loss from the column wall was controlled 
by an arrangement of 3 jacket heater* and resistance thermometers 
and the temperature on the outer wall of the stator was maintained 
at 1.0-1.2°C lower than the boiling point of the liquid.
The test mixture used by Sladacek was not the same as that 
used in the present investigation so it is not possible to estimate 
acourately the value of f(Sc) in equation 2.6 as was the case with 
the results of \Villingham et al, and hence the values of II 
corresponding to those obtained from Sladacek 1 s operating conditions 
cannot be predicted. However, it is unlikely that values of 
vapour/
23.
conditions of operation there is liquid side resistance to mass 
transfer present. This point will be amplified in Chapter V, 
when the results of the present experimental investigation are 
assessed.
2.3.4.2. Results of Sladacek.
Sladacek ( 5" ) described experiments on a rotary concentric 
tube distillation column cm. in length and outer tube radius 
rft « 1,61 cm. Into this tube could be inserted each of 3 rotors 
to give inner tube radii of' n = 1.34 cm., 1,41 cm. and 1,51 cm. 
respectively. These three rotors gave b'r = 0.168, 0.124 and 
0.062 respectively. The boilup rate was constant at 600 ml./hr.
which is equivalent to He = 230, assuming vapour kinematic viscosity
2 of \) « 0.031 cm /sec. Rotor speeds were varied over the range
3500-8500 r.p.m. by means of a variable frequency generator driving 
a 'canned 1 squirrel-cage rotor. This speed range gave Ta in the 
range C.400-4000. overall. The test mixture used was n-heptane/ 
methylcyclohexane. Heat loss from the column wall was controlled 
by an arrangement of 3 jacket heater* and resistance thermometers 
and the temperature on the outer wall of the stator was maintained 
at 1.0-1.2°C lower than the boiling point of the liquid.
The test mixture used by Sladacek was not the same as that 
used in the present investigation so it is not possible to estimate 
accurately the value of f(Sc) in equation 2.6 as was the case with 
the results of w'illingham et al, and hence the values of H 
corresponding to those obtained from Sladacek 1 s operating conditions 
cannot be predicted. However, it is unlikely that values of 
vapour/
vapour diffusivity and kinematic viscosity of the two test mixtures 
concerned differ significantly, so it is possible to n^ke some 
estimate of values of fiy. Assuming similar values of ^c for the 
two systems and a laminar + vortex flow regime, values of Hy- were 
calculated and compared with the experimental data of Sladacek. 
In contrast to the results of '».illinghani et al., all Sladacek1 s 
values of Hy are an order of magnitude higher than those predicted} 
also the experimental value of the separating power using / r = 
0.168 at rotor speed of 5100 rpm, is only as good as -chat predicted 
for both walls equally wetted by reflux with the rotor stationary. 
As the heat leai, from the column (referred to above) may be 
expected to cause the measured separating power to be better than 
that predicted on the basis of adiabatic operation, it is therefore 
likely that there was some fundamental fault inherent in the operation
<
of this column, such as an electrical heating effect produced in the 
rotor. It is not likely that at these values of Ta and Re there 
ie such a massive liquid side resistance as could account for the 
difference between the estimated and actual values of PL,.
2.3.^..J5. Results of llatterson; relative importance of liquid and 
vapour phase resistance,
Macleod and l.latterson (1,2) designed and. tested a rotary 
concentric tube column which had no rotating shaft seals and no 
bearings exposed to hydrocarbon vapour. It was 66 cm. in length 
with an outer tube radius r = 1.40 cm. and rotor of radius 
r.. =1.07 cm. .'his rotor was made of copper so that fins or wires 
could be attached in order to stir the vapour or liquid as required*
25.
In this way the relative contributions of the vapour and liquid side 
resistance to mass transfer were investigated over a range of 
boilup rates 200 al./hr. - 800 ml/hr. at 1470 rotor r.p.m. using 
a text mixture of n-heptane-methylcyclohexane. These corresponded 
to 85 < Re< 310 and Ta * 830, assuming o = 0.031 cm2/seo. 
Under these operating conditions, it was demonstrated that the 
contribution of liquid side resistance was negligible.
2.3«4.4» Results of Matter son and Shahbtnderian.
The remainder of their experiments were conducted with each
of two smooth rotors of radii r. = 1.28 cm. and r. = 1.0? en. and1 1
were similar to, though more limited in scope, than those of 
Shahbendezdan ( S ) who used a large rotor r. a 1.30 ca., 
intermediate rotor of 1.20 cm. and the small rotor used T?y 
Matterson in the same distillation column with the same test 
mixture. In addition, Shahbenderian extended the rotor speeds 
from the single speed of 1470 r.p.m. to give a range from 300-2350 
r.p.m* by using a variable frequency generator. Because of the 
mechanical design, it was not possible to work in the speed ranges 
600 i 100 r.p.m. and 1200 - 200 r.p.m.
Experiments were conducted with the rotors stationary and 
rotating between boilup rates of .200 ml./hr. and .800 ml./hr. 
There was considerable experimental scatter with the rotor 
stationary. With the large diameter rotor the results are roughly 
equivalent to those predicted by the V/esthaver equation for one
n
wall wetted assuming a value D = 0.031 cm /sec. (This value can 
be deduced from the results of Naragon and Lewis for both walls 
wetted). With the intermediate rotor, it is apparent that both 
surfaces/
Distillation data tf Shahbendarian (3). 1.20om. rotor. 












surfaces were wetted to some degree, as all results are better than 
those predicted for one wall wetted* With the smallest rotor, 
which was made of copper (the other two were glass) both surfaces 
are apparently equally wetted as the results corresponded with those 
predicted from both walls wetted theory. Accepting that a 
uniform reflux film could be formed on the outer glass surface, 
improved heat transfer between the copper rotor and the condenser 
could account for a possible film of reflux forming on the copper 
surface.
With the largest diameter rotor, Shahbenderian worked in the 
speed range 80-300 r.p.m., which corresponds to 9 < Ta < 32. 
According to fig* 2.5, the vapour flow will not be laminar + vortex. 
It is not therefore possible to compare these results with those 
predicted by equation 2.6. Even at the speed of 1V70 r.p.m. 
corresponding to Ta = 157 used by Matterson, it is possible the 
vapour flow is still laminar.
With the intermediate size rotor r, = 1.20 cm., 
Shahbenderian investigated column performance in the speed range 
400-2450 r.p.m. which corresponded to 125 < Ta < 775 with boilup 
rates from 200-800 ml./hr. (90 < Re < 355). His later experiments 
were conducted with a string wiper attached to the upper end of the 
rotor: using this device, Shahbenderian observed a significant 
improvement in column performance. At the lowest rotor speed of 
400 r.p.m. (Ta a 125) the vapour flow will still be laminar 
according to the transition curve in Fig. 2.5, and the rotor speed 
was moat likely to be insufficient to throw off reflux. Accordingly, 
only/
Dittillation data of Shahbenderian (3) . 1.07 om. rotor. 
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only those results obtained (in the laminar + vortex vapour regime) 
at speeds between 1000-2450 r.p.m. (310 < Ta < 775) are shown in 
Pig. 2.7 and are compared with values of H estimated from the present 
work. These values of H are predicted assuming that the n-heptane/ 
aethyl-cyclohexane test mixture has values of ^v and \> similar to 
those of 224 trimethylpentane/methylcvolohexane which was used in 
the present work. Allowing for the large scatter present, the 
values of H obtained at 1000, 1500 and 1800 r.p.m. are not in 
disagreement with estimated values. The few values obtained at 
2450 r.p.m, are more scattered and are poorer than those predicted. 
At boilup rates below 200 ml./hr. values of II are more scattered 
and are higher than those at > 200 ml./nr, presumably due to dry 
patches on the stator wall arising from the very low wetting rate.
With the small copper rotor ( r. a 1.07 cm.) Shahbenderian 
investigated separating power over similar speed ranges (300-2100 
r.p.m.) and the same boilup rates. Because of the wider gap width 
these corresponded to 120 < Ta < 840 and 94 < Re < 375 • Only 
those results obtained at rotor speeds > 700 r.p.m. are presented 
in Fig. 2.8 because of a possible wet rotor surface at lower speeds.
At speeds of 750 r.p.m. and 925 r.p.m., the scatter is 
remarkably large for all values of H at Q < 500 ml./hr. This 
Shahbenderian presumed arose from uneven wetting of the stator. 
Leaving aside these anomalous results, values of separating power at 
1000 r.p.m. are o.4Q^ better than predicted and those at 1450 r.p.m. 
c.20^ better while at 1800 r.p.m. they agree with those estimated 
from theory. As before, the experimental scatter is large. 
Included/
28.
Included are the few results of Matterson obtained at 1470 r.p.m.
The reason for the apparent improvement over theory at 
the lower rotor speeds and the lack of dependence of H on Ta is 
not clear* In contrast with conditions prevailing when the 
intermediate glass rotor was used, the copper rotor may conduct 
heat more efficiently and cause the occurrence of non-adiabatio 
conditions at the top end of the rectifying section. However, 
there is no good reason why the performance should be as predicted 
at a rotor speed of 1800 r,p*m.
2.3.5* Summary*
Summarizing the experimental results of Willingham, 
Sladacek and Shahbenderian, those of Vfillingham agree with the 
Weathaver and Shahbenderian theory only at the highest rotational 
speed, using data from the present investigation* The possibility 
of liquid side resistance cannot be discounted and is further 
considered in this connection in Chapter V. It is most likely 
that there was some fault in the distillation column used by 
Sladacek as the experimental values of H v;ere an order of 
magnitude greater than those estimated. The limited tests of 
Shahbenderian cannot be said to contradict the theory in the L + V 
regime, and departures from theory using the copper rotor may be 
due to non-adiabatic operation.
To test the Y/esthaver Shahbenderian theory more extensively 
and to provide possible design data for rotary concentric tube 
fractionating columns, further experimental work was conducted by 




In this chapter, the requirements for a test mixture are 
presented, then these points are developed and discussed at 
length. The available literature is then reviewed , and 
test mixtures suitable for use in fractionating columns of 
high separating power at atmospheric and sub-atmospheric 
pressures are suggested. 
3*1 • Properties of test mixture.
To be suitable for evaluating a distillation column, a 
binary mixture should have the following properties?
(i) Sach component should be available in as pure a con­ 
dition as possible,
(ii) At the operating pressure, the boiling point should 
be in the range 90°C to 140°C.
(iii) The system should be ideal with a constant relative 
volatility, and no azeotropes should be formed.
(iv) The chemical and physical properties of each com­ 
ponent must be similar
(v) A convenient analytical method should be available, 
(vi) The relative volatility, a, should be appropriate to 
the separating power of the coluran, 
3,1,1, Purity
Impurities present in a binary mixture can produce two 
unwanted effects; the vapour-liquid equilibrium of the system 
may be affected, thereby causinr the relative volatility to be 
altered from the correct value and possibly also resulting in 
the relative volatility varying with mole fraction; the 
physical property which is used for determining the com­ 
position of the binary may be affected, giving erroneous 
of atillpot and distillate concentrations.
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Purity can usually be checked by comparison of the 
experimentally obtained and literature values of the 
commoner physical properties such as boiling point, freezing 
point, refractive index and density* However, more 
sophisticated techniques based on gas chromatography have 
recently become available. By such a method, amounts of 
Impurity which differ only very slight^ in physical 
properties from the pure material under test may be detected, 
Since hydrocarbons are notoriously difficult to purify, and 
are commonly used as test-mixture components, gas chroma­ 
tography presents an ideal means of detecting impurities. 
Although it is unlikely that the physical properties of the 
components would be affected by impurities y/hich are 
undetected by conventional types of test, it is nevertheless 
possible that vapour liquid equilibrium values might be 
altered by these. 
3.1*2. Boiling point range
It is advisable to choose materials which will have 
boiling points in the range 9CC- M+Q C at the operating 
pressure. If the boiling point of either component lies 
much below 90 C condensing the vapours at the stillhead 
becomes difficult. Above 14.0°C, the risk of thermal 
decomposition due to excessive local overheating in the 
stillpot arises. 
3.1.3. Relative volatility and ideality
Consider an ideal binary system whose vapour and liquid 
phases are in equilibrium at constant temperature. It can 
be shown from Raoult's Lav/ and Daltonf 8 Law that the relative 
volatility, a, can be written!
. « = P, (3.1)
^ 
or
*C = / r/-J ..- , (3.2)
where P^ , P^ are the vapour pressures of the pure components, 
x and y are the liquid and vapour mole fractions of the more 
volatile component,
The volatility of each component is defined as the rati(o 
of the partial pressure to the mole fraction. These 
derivations can be seen in a good text-book on the subject, 
for example, Kala, Pick, Vilim ( ZL )•
At constant pressure equation (3.1) is not necessarily 
true, as the vapour pressures alter with temperature! if the 
system is close-boiling and the relative volatility close to 
unity, the vapour pressure ratios will probably vary only by 
a very small amount, so a will remain constant.
The relative volatility is best determined by vapour- 
liquid equilibrium measurements, obtained by using a suitable 
circulating still such as an Cthmer still. It is necessary 
to ensure that the pressure and temperature are accurately 
controlled, and care must be taken to eliminate errors due to 
partial condensation of vapour superheating at the still walla, 
or incomplete mixing in the boiler. Results should always b* 
thermodynairJically checked to ensure the absence of systematic 
errors which may arise from any of the above-mentioned causes* 
If, however, the relative volatility is low, it may not prove 
possible to eliminate random errors which arise from 
insufficiently accurate analytical determinations, so it will 
not be possible to apply a thenaodynamic test for systematic
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errors. In an effort to improve the accuracy, various 
workers ( */} f 2& ) have developed a twoplate still.
When the mole fraction of either constituent falls much 
below 15$, equation (3»2) for calculating a becomes much more 
sensitive to small errors in the mole fraction determination, 
so it is inadvisable to work outside the range 0.15<x<0.85» 
3»1»3»2 Importance of constancy of a ̂ Relative volatility).
When a binary mixture is distilled under total reflux 
In a distillation column with N theoretical plates, this can 
be shown to be equal to a function of the stillpot and 
distillate concentrations of the more volatile component, 
provided the relative volatility remains constant:
N =
(3.3)
which is the Penske equation.
Provided the relative volatility remains constant over 
the concentration range employed, the Fensice equation can be 
used for determining the number of theoretical plates, N, 
If, however, the relative volatility varies, the number of 
plates can be estimated by graphical construction using an 
accurately prepared equilibrium diagram. With a close- 
boiling mixture, which has values of a close to unity this 
procedure can no longer be used since the equilibrium line 
and operating line lie very close to each other and the 
graphical procedure becomes inaccurate. Plate-to-plate 
calculations then have to be employed, which are tedious and 
require the use of a digital computer* It is therefore 
advantageous to choose a system with a constant relative 
volatility which is accurately known. The following example
- 33 -
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shows that^the Penske ecuationiused, a gmgll error in a 
(using a close-boiling test-mixture) gives rise to a large 
error in N.
A commonly used close-boiling system in use for 
investigating the performances of high-efficiency columns is 
n-heptane-methylcyclohexane* Various values of a are 
reported in the literature ranging from a = 1»07, (si ,4-2. ) 
to a « 1.083 ( 33 >o ).
Suppose in a particular distillation we obtain a 
distillate concentration X,b = 0.85 resulting from a stillpot 
concentration of ^c£ « 0.25. Prom the Fens&e equation 
using a « 1 .07 we obtain N » 41 plates, while when a « 1 .083 
K * 35 plates. Similarly with ** * 0.6, Jtr a 0.4, the 
respective values of N are 18 and 15» For an error of 
1.2^o in the relative volatility, we obtain errors of l6/o to 
18$ respectively. Attention has been drawn to this 
difficulty inherent in the use of such systems by Beatty and 
Calingaert ( 31 ), and by Coulson, Hales and Herington (z? ). 
3.1.3«3 Deviations from Raoult's Law
When Raoult's Law is obeyed, the total pressure of a 
binary system is given by:
7T = *, (P, -,\ + (3.4)
This equation provides a rapid and convenient method fcr 
determining whether a system is non-ideal. If the data is 
obtained at a Renown pressure 7T t and accurate vapour- 
pressure data are available, the total pressure can be 
computed. If there are appreciable deviations from the 
measured total pressure, departures from Raoult's Law of one
or both components are indicated. Agreement between com­ 
puted and ineasiored total pressures does not necessarily mean 
the system is ideali a negative deviation in one component 
may be offset by a positive deviation in the other * 
Activity coefficients.
Nearly all systems show some deviations from Result's 
Law, Equation (3«4) above then becomes!
r» Pi (3'5)
where y, and yv are the activity coefficients. Although 
here presented as mere correction factors, a rigorous thermo- 
dynamic derivation is given by tfohl ( 3o )• 
Applying Dalton's Law gives I
C3.6)
Introducing a correction for slight deviations from 
ideal gas behaviour in the vapour phase gives*
<«>
where 2, is the gas correction factor for component 1 9 and 
is defined by*
(3.8)
As with activity coefficients, gas correction factors are 
rigorously derived by V«ohl.
Activity coefficients may therefore be determined 
from vapour-liquid equilibrium data provided the total 
pressure and the vapour pressures of the pure components are 
known. Usually, vapour pressures can be calculated from 
the operating temperature by means of a relation such as the
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Antoine equation* The activity coefficients m&y then be 
used to test equilibrium data for consistent errors. 
3»1»3»4 TherLTodynaraic testing
A suitable thermodynamic consistency test which 
follows from the Gibbs-Duhem equation was proposed by F-edlich 
and .'Sister ( 31 ).
For a binary system at constant pressure:
(3.9)
With close-boiling systems having a relative 
volatility close to unity, the heat of mixing, V £ , is very 
small, and so the right hand side of equation (3«9) may be 
neglected:
= 0
If the logarithm of '/y^ is plotted against the 
liquid mole fraction, the total area under the curve must be 
zero* If this condition is not fulfilled, then the measured 
data will not obey the Gibbs-Duhem equation and so are incon­ 
sistent. 
3,1,4. Physical and Chemical Properties.
The physical and chemical properties of the components 
of the test mixture should be as similar as possible. This 
condition is not normally fulfilled perfectly in distillation 
practice, i.e. a mixture which requires separating will 
probebly not be ideal. Strictly speaking, comparative data 
for columns of similar type can only be obtained by usin^; an 
ideal mixture, When the aim is to predict the performance 
of the coluun theoretically, it is most important that the 
vapour viscosities and densities upon wldch these predictions
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depend, ch&nge as little as possible. Variations in the 
liquid viscosity and density will cause changes in the liquid 
film thic&ness -.vhich will affect the rate of mass transfer. 
Surface tension variations along the length of the wetted- 
wall column will result in rivulet channelling of the liquid 
film if the surface tension of the more volatile component is 
significantly greater than that of the second component, i.e. 
-f the mixture is negative in the terminology of Zuiderweg 
and Harmans ( /o)» 
3*1*5» Determination of composition.
For determination of the stillpot and distillate con­ 
centrations, it is necessary to analyse the small samples of 
the mixture speedily and accurately. Since the mixture is 
comprised of two similar substances it is sometimes difficult 
to find a suitable analytical method, since the chemical and 
physical properties are alike. Refractive index measurements 
usually afford the most rapid determination: in cases where 
the refractive indices are very close measurement of the 
optical density of the solutions at suitable wavelengths in 
the ultraviolet region may be employed. 
3.1.6. Relative volatility and separating power
As indicated earlier, it is recommended that the 
stillpot and distillate concentrations should be kept in the 
ranges Xj > 0-/S" and ^2, ^ o-s S~ because of the uncertainties 
which may exist in equilibrium values at concentration 
extremities.
By substituting these limiting values in the ?enske 
equation, the maximum number of plates for which a mixture is 
suitable can be found. By this criterion, the mixture 
n-heptanetnethylcyclohexane which is assumed to have a value
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of a « 1 .075 is suitable for testing columns of up to 47 
plates, while the mixture 2,2,4 trimethylpentane- 
methylcyclohexane with an a * 1.049 can be used in columns 
of up to 70 plates,
In a concentric-tube rotary distillation column which 
has a wide range of operating conditions, and hence a large 
variation in N, it is desirable to determine, for any 
particular test mixture, the smallest number of plates which 
:uay be calculated with a particular degree of accuracy, and 
also the optimum values of stillpot concentration which may 
be used for the best accuracy for any value of N. 
3*1*6.1 , Variation in error of N
Let us assume that a *"n«ii constant error is made in 
each refractive index measurement and that the dependence of 
mole fraction on refractive index is linear. For a given 
value of Nj, it can be shown that to attain the lowest possible 
error in N, the stillpot concentration should be chosen so 
that the distillate concentration lies as far above 0«5 as 
the stillpot concentration lies below 0.5, or, in mathematical 
terms:
In most cases, however, the relation between 
refractive index and concentration is quadratic, and the
minimum error for any given N is then obtained wheni
XL* + ^ = A 
The slur, $f stillpot and distillate concentrations, A f
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Values of minimum percentage error have been plotted 
against the number of theoretical plates for the text-mixtures 
n~heptane-methylcyclohexane and 2,2,4 trimethylpentane- 
methylcyclohexane in Pigs. (3.1) and (3.2). The errors are 
calculated using both the linear relation and the more correct 
quadratic relation. It is interesting to note that for the 
former test mixture, no difference results from using the 
linear relation, while for the 2.2.4 trimethylpentane- 
Jiethylcyclohexane system, the errors calculated using the 
(more correct) quadratic relation are less than the 
corresponding values resulting from the use of the (incorrect) 
linear relation. The variation of minimum error on number 
of theoretical plates is therefore peculiar to each particular 
mixture. For the mixture n-heptane-methylcyclohexane, an 
error fy =1. 5X10 is assumed while for the other mixture 
under consideration 2,2.4 trimethylpentane*methylcyclohexane t 
the error <*/>=. 75X10 is used. This is because the normal 
Abbe instrument is usually used for the former mixture, while 
the more accurate drum-reading Abbe refractometer is used for 
the latter, because the refractive indices of the components 
lie closer together therefore greater accuracy is required.
If the column to be tested has a small number of 
plates, it can be seen intuitively and by reference to 
Pigs. (3.1) and (3.2) that it is advisable to use a test 
mixture whose relative volatility is higher, thereby 
increasing the difference between the stillpot and distillate 
concentrations, so reducing the error. The graphs show that 
the ndniimun percentage error rises more steeply as the number 
of plates is reduced below ths optimum than on the high side 
of this point. Taking an arbitrary mn^mi^m value of j^, the
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n-heptane^nethylcyclohexane mixture should not be used when N 
falls below 17, and the closer-boiling 2,2,4 trimethylpentane- 
methylcyclohexane should not be used when the column has less 
than 12 plates*
It thus appears that the former mixture, n-heptane- 
methylc; -clohexane is suitable for columns with f 7-50 plates, 
and tho _ .tter mixture is suitable for columns with T2-70 
plates, using the appropriate refractometers.
Close examination of Figs, (3tO and (3,2) reveals t 
that the n-heptane-methylcyclohexane and 2,2,4 trimethylpentane- 
methylcyclohexane curves have very shallow minima at N a 42 and 
N a 65 respectively. This was confirmed by derivation of an 
analytical expression for the percentage error, E» The 
number of plates, N, was then taken to be an independent 
variable (and not as a quantity which was given fixed discrete 
values as in the calculation of the graphical values), then 
the function was differentiated partially with respect to ^ 
and ^ • These simultaneous equationsi
** - o
-I = o***
were then solved, and the values ^ =0*155, ^A = 0.806
were obtained for the n-»heptane mixture which resulted in a 
value of N = 42 when substituted in the Pens^e equation.
similar calculation for the 2,2,4 trimethylpentane 
mixture gave the values ^ = 0.149, ^ « 0.793 and N = 65
A complete analysis of this problem is given in 
Appendix B.




Mention has already been made of two mixtures which 
are used for investigating the performance of high-efficiency 
separating columns. One mixture, n-heptane-methylcyclohexane 
has been widely used and has been the subject of many 
equilibrium determinations. Uhfortunatel3r, there still 
remains uncertainty about the ideality and relative volatility 
of J ,.iis mixture, although in other respects the components 
S£.ti-fy the necessary criteria for a suitable text mixture 
naving similar chemical and physical properties and vapour 
pressure ratios whdch vary by only a small amount over the 
concentration range. A table of the relevant physical 
properties of n-heptane, methylcyclohexane and 2,2,4 trimethyl- 
pentane is given belowj
Table 3.1
methyl
n-heptane cycle 2,2,4 T.M.P. 
hexane
Boiling Point (°c) 98.427 100.934 99.238
Vap pressure (mm Hg) at 98.427'c 760.00 707.880 747-710
100.934^817.589 760.00 797.140
99.238 0t778.270 724.458 760.00
(centipoises) at 100°C 0.208 0.30
^ at 100°C 0.6110 0.6992 0.6219
, at 100°C 0.341 0.43
\>v (22.47W-M*/y) •• 0-OJ06 
*v (n-he-tane-IlOIi) °'° S| 
b v (2 ,2 r4 
S<- (2,2,4 
Surface tension at 90°C 13.6 15 12.7
B-P* 7.575 7.58 7.41^r 1.33764 1.42312 1.39145
^ 1.38511 1^.2058 1.38901
FIG.3.3(i). 
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Vapour-liquid equilibrium data:Garner and Hall. 













All these values, unless otherwise stated, were 
obtained from the American Petroleum Institute Project No. 
44 (•?£ ). Values of vapour kinematic viscosity were obtained 
from pressure drop measurements, the diffusivity values were 
evaluated from a modified correlation of Chapman and Cowling 
given by Chen ( 7? ) and the surface tension of methylcyclo- 
hexane .as given by Zuiderweg ( 5"/ ).
3* 2*1* Survey of atmospheric pressure data*
n-Heptane/Methylcyclohexane . 
data*
Bromiley and Quiggle ( 33 ) were among the earliest 
workers to investigate this system. They measured various 
physical properties of certain binary systems and also 
determined their vapour-liquid equilibrium data. The 
temperature-composition data for n-heptane-methylcyclohexane 
have been used to calculate tlie vapour pressures of the pure 
components from which the total theoretical pressures have 
been calculated using, equation (3«4-)# Their total pressure 
data shows the system to be slightly non-ideal as the total 
pressure shows a slight dip in the mid-concentration region. 
Very similar results were obtained by Garner and Hall (34- ) 9 
but data obtained by Sieg ( 3f ) shows the system to be nearly 
ideal. These three sets of results are shown graphically in
Fig. 3.3. ('), ('/) W (m).
3.2.2. Vapour. liquid equilibrium data. Thermodynamic testing
The vapour liquid equilibrium data of Bromiley and 
Quiggle results in an average value of relative volatility 
a « 1.083. However, a plot of log "^'/y^ • the ratio of 
the calculated activity coefficients, against 3C , the mole 
fraction, showc the data to contain systematic experimental
Vapou-r-liquid equilibrium data: Sieg. nH/MCH. 
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errors, and the results to be thercodynard.cally inconsistent. 
This plot and those drawn from other vapour-liquid equilibrium 
. studies are shown in Pig. 3.4.
The activity coefficients, y, and ft were cal­ 
culated from equation (3.?) and the gas deviation factors, Z,, 
from (3*8). Values of the second virial coefficients B for 
n-heptane-methylcyclohexane and 2,2,4 trimetijylpentane were 
determined from critical data for the three compounds using a 
method due to Black ( 36). Critical data for two of the 
substances \vere obtained from the literature (32 ), but values 
for methylcyclohexane ?/ere estiioated using a correlation of 
Stiel and Thodos ( 37 ). Relevant values are given belowi
n-heptane methylcyclohexane 2,2,4 T,M,P. 
T0 (°K) 540.16 569 5H.31 
PQ (atmos,) 27.01 60 25*30 
B - 1264 - 910 - 13~34 
Z,at 93.5 1.000 0.998 0.999 
Z, at 99.1 1.001 0.998 1.000 
Z,at 100.0 1.002 0.999 1.001 
2, at 101.0 1.004 1.000 1.002
Van 77ijk and Thijssen (38 ) have also checked the data 
of Bromiley end Quiggle, and found them inconsistent. 
Accordingly, they had the system rede terrain ect, and found it 
to be idoal, obeying Raoult's Law. They recommended a value
of a = 1.075.
Identical thcrmodynamic tests were applied to the data 
of Garner and Hall and of Sieg. As Sieg's data showed a 
acatter, it was not possible to apply the test rigorously. 
An average value of a * 1.075 was obtained. The data of 
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volatility was seen to fall from a value of 1 .073 through a 
mid-value of 1*070 to a low of 1.06?. Since this fall is
very slightly greater than the slight decrease in a obtained
pressure
from vapour pressure ratios and the calculated total\ showed &A
slight dip in the mid-concentration rangef They concluded 
that the mixture was nearly ideal.
V/ork±ng soon after Bromiley and Quiggle, Beatty and 
Calingaert ( 3 7 ) conducted a series of total pressure measure­ 
ments on six binary systems, including n-heptane-methylcyclo- 
hexane. Vfith this system, they found no variation in the 
total pressure over the concentration range, and concluded 
that the system was ideal with a relative volatility of 
a * 1.07* Griswold ( 4o ) pointed out that a constant total 
pressure die" not necessarily indicate ideality, then showed 
the relative volatility to be 1 .083* IThis result was 
obtained by distilling the test mixture in a packed column. 
As the number of plates in the column had been previous^ 
determined by distilling a benzene-carbon tetrachloride 
mixture of known relative volatility, the correct value of a 
could be calculated from the amount of n-heptane present in 
the stillpot and distillate samples using Fenske's equation* 
This value was supported by comparison with the Bromiley and 
Quiggle value. Since different test mixtures used in the 
same column under identical operating conditions do not 
necessarily give the same number of theoretical plates, and 
the Bromiley arid Quiggle data have been shown inconsistent^ 
it is difficult to admit this value as satisfactory*
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As there ere different values of relative volatility 
quoted for this mixture, care must be taken vvhen comparison 
is made between the results of various workers, 
Shahbenderian ( 3 ) Burk et al. ( 47 ) Lecky and Ewell (*Z ) 
all use the value of a = 1,07 obtained by Beatty and 
Calin^aert. Lecky and Ewell also constructed a curve, of 
refract ve index against number of plates, which others used, 
Willingham et al. ( 43 ) assumed the mixture to be ideal, while 
G-riswcjjd ( 4« ) • ^.tterson ( / ) and Sladacek used a « 1 .083.
Recent vapour pressure measurements ( •?£ ) give the 
vapour pressure ratios varying from a « 1.0736 to a » 1.0758$
the mean value is a » 1.075.
3.2.3. 224-Trimethylpentane/methylcyclohexane.
Another system which is suitable for evaluating
columns of high separating power is 2,2,4 trimethylpentane- 
methylcyclohexane. The physical properties of the iso-octane 
are given in Table 3»1 along with those of n-heptane and 
m«thylcyclohexane, and comparison of the respective properties 
of the components comprising this binary mixture shows them 
to be similar, The vapour pressure ratios appear to vary 
considerably less than do those for the n-heptane- 
methylcyclohcxane system, but unfortunately the refractive 
indices lie closer together. This necessitates the use of a 
Pulfrich or drum-reading Abbe refractometer to achieve the 
desired accuracy.
Three sets of V£r>our-liquid equilibrium data have 
been determined for this system. The data of Harrison and 
Berg ( 4-4) show so much scatter that no satisfactory conclusion 
may be drawn as to an appropriate value of a, and neither is it 
possible tc determine whether the system is ideal.
FIG.3.5
Vapour-liquid equilibrium data: Sies. 224TMP/MCH 
£ Pressure difference (muiHg) v. composition (mol.frpot.mvo)
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FIG.3. 6
Vapour-liquid equilibrium data: Sieg. "24TMP/MCH
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The total pressure figures calculated from the data 
ef Sieg ( 35 ) shofc a negligible variation over the concent­ 
ration range, but they are all about 3 nm, below the measured 
atmospheric pressure of 760 nsa. This suggests that either 
the value of 7^0 BBB« is in error, or the data were subject to 
systematic error* Gelus f i£arple and Miller ( +s ) obtained 
data which showed a s3d£ht fall around the mid-concentration 
values* This indicated tne Edxture to be very slighUy 
non-ideal* Unfortunately, their vapour-liquid equilibrium <t 
ware not amenable to therruodynaraic testing du© to experimental 
scatter f but the data of Sieg appear to be thenoodynecsdcally 
consistent, and give an average value of a « 1.049, which 
agrees vdtl; the vapour pressure value given above. The 
total pressure 3ata and plot of the ratio of activity 
coefficients c-' against n»le fraction of Sieg are shown in 
Figs. 3»£ and 3.$ respoctively. 
3A«1» Jur'/oy of sub-atjoospheric pressure data
Bragg and Richards (4^ ) liave suggested bensone- 
ethylene dichloride as suitable for work at moderate vacuum 
in the pressure range 100 mra. - 400 nsn* Kg, and at lower 
pressures of 50 ;.ju - 10 mm* they roconsoendeol the use of 
o-dichloroberi»ene-; p-di©thylbena«ne. Ikwever, even at the 
highest operating pressure of 400 mm. the boiling points are 
60»6°G for bensen* and 83.7 °C for ethylesne dichloride 
respectively, both of which are well below the recommended
Tt.lue, I oreover, the vapour-liquid equilibrium data
for both sy atoms show large-experimental errors, so it is net
possible to apply a thermo dynamic test for consistency. Bliss,
M Efthaya, and ^risonialso tested the o-diohlorobemene-p-
diethylben*ene system at pressures of 100 OB. 30 cia and 10 am Hg«
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Their results show much less scatter than dc those of Bragg 
and Richards. In addition, they also measured the vapour 
pressures of the pure components, expressing the results in 
a form of relation similar to the Antoine equation, A 
theraodynanic check on the data obtained at 50 ranu Kg unfor­ 
tunately shows these to be inconsistent and the mixture to be 
nc*—ideal. Peldinan et al. ( 4-8 ) investigated two mixtures 
for moderate vacuum work. Dodecane-cyclohexylcyclopentane 
h^a a relative volatility v/hich varies from 1,13 - 1,18 at a 
pressure of 100 mm,, v/hile the second mixture, n-tridecane- 
dicyclohexyl forms an azeotrope at 75>; mole fraction of one 
component. No vapour pressure data were presented for these 
compounds and so thermodynamics testing is not possible,
?eldman ( 4f ) in a study of separation of 1 and 2 
methyl naphthalenes by azeotropic distillation using undecanol 
suggested that the mixture of mo.nomethylnaphthalenes to be 
suitable for testing high performance columns under vacuum, 
At the lov/est pressure of 20 mm. Hg. the mixture vdll boil 
about 125°G rising to a value of 1SO°G at 150 mm. Hg. This 
latter value is too high for convenient testing. He observed 
that reliable vapour-liquid equilibrium measurements on 
systems having low vapour pressures are difficult to make the 
experimental error being sometimes greater than the change in 
composition, and used a packed column of known separating 
power in a mariner similar to Griswold, Values of a so 
obtained ranged from 1,10 to 1.05 at 20 mr.:. pressure and from 
1.11 to 1,07 at 150 mm. pressure. A.S Griswold 1 s data for the 
n-heptane methylcyclohexane system at atmospheric pressure 
have been shown to be of doubtful value, and a change of 1,10 
to 1,05 results in a very large change in the number of plates
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calculated by the Fenske equation, it is likely that 
Feldman's recommended values of 1.0? or '•'/ are af little 
use, It is unfortunate that he c cnducted no vapour-liquid 
equilibrium studies on the monomethylnaphth^lene system, as 
the binary systems with undecanol were investigated and the 
data thermodynairdcally checked.
The two systems suggested by Berg and Popovac ( -so ) f 
n-heptane-toluene and n-heptane-n—octane appear completely 
onsuited to vacuum work. At 4-00 mm* Hg* pressure, n-heptane 
boils at 78 C rendering the former system unsuitable, and 
the relative volatilities vary considerably over the con-» 
centration range. Also then experimental vapour-liquid 
equilibrium measurements show a considerable scatter. 
^•3.»1«f» Use of n-decane/transdecalin.
The system n-decene-transdecalin has been subject 
to three investigations* From consideration of boiling- 
point, this system is well suited to evaluating distillation 
columns under pressures 50 - 200 mm. Hg,, the boiling-point 
varying from A/ 95°0 at 50 mm. Hg. to ~ 130°C at the 
higher pressure* Remaining physical properties are given 
in the following table:
Table 3,2
mole mixture





















Apart from the values of refractive index which are 
given by the A.P.I. Research Project (32 ) t the values in the 
above table are given by Zuiderweg ( SI ). All figures are 
for the operating pressure of 100 mm. Hg. Values at other 
pressures are also given by Zuiderwsg in the same paper. 
3.3.1*2 Thennodynaraic testing of n-decane/transdecalin.
Fenske, Myers and Quiggle ( Si } determined vapour- 
liquid equilibrium data using an Othmer-type still of two 
theoretical plates. They obtained relative volatility 
values over the concentration range at pressures of 740 nan., 
200 mm. and 50 nun. Hg. As the relative volatility values 
wtre constant at each of these pressure a, single values were 
obtained for numerous intermediate pressure*. Good agreement
TO.3.7
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was obtained with the data of otruc*. and JxLnney ( 53) f who 
used a single-plate Othmer still. They also determined 
relative volatilities at jjressures of 20 mm. and 10 mm. As 
neither sets of data had any therniodynamic test applied, any 
possible systematic errors remained undetected.
Zuiderweg ( 51 ), in addition to examining the vapour-* 
xiqaid equilibrium data at atmospheric pressure, measured the 
vapour pressures of the pure components at various temperatures. 
He then calculated the activity coefficients y and j^ 
and by applying the equal areas criterion with equation (3.10) 
showed the system to be ideal with a constant relative 
volatility and his data to be thermodynamically consistent. 
Accordingly only a few chec.&: determinations v/ere performed 
at reduceo. pressure, since the vapour pressures can be used 
to calculate the required relative volatility values. In 
addition, the ideality of the mixture was confirmed by a com­ 
parison of the measured total pressure of a $&/%> mole mixture 
with the calculated total pressure using Raoult*s La?/. As 
the relative volatility values obtained from Penske et al. 
and Struck et al» vrere significantly different, Zuiderweg 
compared their observed and calculated total pressures, and 
plotted log Y'/T-u "^ -^ *"or their vapour-liquid equilibrium 
data. This showed that their data are theraod^riarnically 
inconsistent, and systematic errors were present. These 
three sets of result? are shown in Figures -3-7(0 a *1^ » ''
n-Decane/transdecalin with the data of Zuiderweg is 
theroCore recommended for testing fractionating columns 
under moderate vacuum.


















4.1 • Column.1 .
4-.1.1, Introduction and General Description of column 1.
Column 1 was, apart from slight modifications, the 
same as the column 2 described by Macleod and Hatterson ( Z 
and the distillation column used by Shahbenderian ( 3 ). It 
is shown diagrammatic ally in Fig. ^,1.
The rectifying section consisted of a vertical hollow 
aluminium rotor v/ith an external diameter of 2. 2 cm., 
surrounded by a glass stator of 2.8 cm. internal diameter; 
this gave an annular clearance of 0.3 cm. The rotor was 
closed at the lower end, and could be driven by means of a 
/25 H.P. squirrel cage induction motor coupled to the upper 
end. Originally, the length of this rectifying section was 
61 cm. | this was later shortened to 59 om. The complete 
rotor assembly was supported by means of a silver steel 
cantilever, which was firmly held at its upper end by two 
Vee blocks mounted on a massive piece of channel.
The motor rotor was surrounded by a housing made of 
thin gauge stainless steel. This housing was connected to 
the column by means of a system of flanges and '0* rings, thus 
ensuring the whole column was gas-tight. This was intended 
to allow for vacuum operation without the need for a rotating 
mechanical shaft seal.
The vapour ascended from the boiler along the annular 
gap and was condensed immediately above the stator upon a 
double-wound copper condenser coil. The liquid reflux was 
then returned to the stator by means of a weir whose purpose 
was to ensure uniform reflux distribution. This weir and 
condenser arrangementf described in more detail below con* 
•tituted the principal improvements in this apparatus over
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that of Shahbenderian. The stillpot consisted of a 500 ml, 
3-necKed round-bottomed flask, which had provision for 
thermocouple entry. The third opening was connected with a 
three-way stopcock and hypodermic syringe so that samples 
from the stillpot could be withdrawn. Distillate samples 
were removed through two stainless steel needle valves with 
P.T.F.E. seats, connected to the underside of the weir. 
Boilup rate measurements were made by means of a glass trap 
and aide-arm described by Matterson. This boilup meter was 
interposed between the stillpot and lower end of the stator. 
Power was supplied to the stillpot by means of a 500 watt 
isomantle heater using a 'Variac* variable transformer, and 
operating conditions were maintained as nearly adiabatic as 
possible by means of automatically controlled jacket heaters.
4*1.2. Description, Modification and Operation of Rotor
Assembly.
The rotating member of the column consisted of a 
hollow cylinder of aluminium which was closed at the lower
*
end and flexibly coupled at the upper end to the rotor of a 
^ H.P. squirrel-cage induction motor.
The variable frequency speed control consisted of a 
H.P. induction motor which drove a rettery converter 
through a Kopp variable speed gear. The D.C. brushes of the 
converter had been removed, so that an alternating current, 
whose frequency was dependent on the converter shaft speed, 
was obtained. This A.C. output was connected to the stator 
windings of a 2 pole '25 H.P. squirrel cage induction motor, 
which, when connected to 5p^tlf?A.C. gave a speed of 26*50 r.p.m.
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By altering the output speed of the Kopp variator, rotor 
speeds from 300 r.p.m. to 2,500 r.p.m. could be obtained. 
When the squirrel-cage stator winding was directly connected 
to the mains to give a speed of 2,850 r.p.m., a 5 ^P con­ 
denser and discharge resistance were connected across the 
starter coil in order to provide an out-of-phase current for 
starting the motor. When, however, the motor was operated 
using the variable frequency generator a capacitance of 
10 ^tF was used. For low-speed operation, it was necessary 
to increase this value to 19 /^P by switching in a further 
9 I*]? in parallel, otherwise the rotor motion became 
irregular.
The lower bearing was so placed that the rotor length 
above the bearing was two to three times the length below* 
The rotor bearings were supported by a '/I*.* diameter silver 
steel cantilever securely fixed at the upper end as explained 
above, and extending some distance below the lower bearing at 
its free end.
4.1,2.i. Modifications
Extensive experiments by Macleod and liatterson showed 
that as the rotor speed is increased, the support system passes 
through one or more critical speeds. Above the uppermost 
critical speed the rotor should run without perceptible 
vibration. The principal advantage of such a'loaded- 
cantilever* system for use in a distillation column is that 
there are no bearings exposed to hydrocarbon vapours, while 
the use of a 'canned' motor eliminates the need for a r^ 
mechanical shaft seal even when the system is operated under 
sub-atmospheric conditions. Mechanical troubles have been
F.r-,4.2













reported ( 54- ) with systems where the bearings were exposed 
to hot hydrocarbon vapours*
The cantilever system as originally designed, was 
found to be mechanically unsatisfactory because of the small 
diameter and lack of stiffness of the intermediate portion 
carrying the lower bearing of the rotor. This lower bearing 
was originally an angular contact ball race; replacement by 
a needle roller bearing allowed the use of a larger diameter 
spindle connecting the upper and lower parts of the cantilever 
with consequent increase in rigidity. The needle rollers ran 
on the hardened and ground surface of the central spindle, 
which was integral with the lower part of the cantilever, 
The outer race of the bearing was pressed into a nylon collar* 
This collar had a thin circumferential lip machined around 
the outer surface to provide a sliding fit with the internal 
surface of the aluminium rotor. Details of the • 
modified design is given by Pig.V.2.
Modifieu in this fashion, the whole cantilever system 
was found to be more rigid, and no independent oscillation of 
the detachable lower part occurred in use. Unfortunately, 
the self aligning characteristics of the angular contact 
bearing used by Matter son and Shahbenderian were lost by 
using the needle roller bearing. Considerable mechanical 
trouble was experienced: this took the form of small sus­ 
tained oscillations at speeds other than the critical. 
Although such oscillations may not have bftftll fltttsed by the 
use of this bearing, it is thought likely that they would 
have been effectively damped had the angular contact bearing 
been used. Weight is added to this hypothesis by the faot
that use of the copper and glass rotors which had been used by 
the previous workers on this column, was not possible: the 
glass did not seem able to pass through the critical speed, 
while with the copper rotor, oscillations of such magnitude 
occurred at the critical speed that these were sustained by 
the striking of the rotor against the glass stator when that 
was in position, although they damped satisfactorily when the 
stator was not in position.
In all experimental runs with this column, the rotor 
was a thin-walled aluminium tube of 2,2 cm* externaa diameter 
and 61 cm, long. The upper critical speed was ~ 1,1 00 r.p.m, 
but sustained oscillation of the cantilever end rotor was 
observed at speeds between 800 r.p.m. and 1,300 r.p.m. This 
oscillation was greatest at 1,100 r.p.m. though when the rotor 
speed was maintained at 1 ,300 r.p.m, for periods of tine 
exceeding ten minutes there could be observed slight oscillations 
which increased in amplitude. When the apparatus was at room 
temperature these oscillations were entirely absent at speeds 
up to 800 r.p*m, and from 1 ,300 r.p.m. to 2,^00 r.p.m. It was 
also possible to run the rotor at 2,850 r.p.m. from the mains* 
When, however, the rotor was turned under distilling conditions, 
i.e* with the rotor hot, slight but prolonged oscillations were 
experienced at speeds which had formerly been trouble-free. 
After some time, this most undesirable characteristic was 
removed by stripping all the grease from the lower bearing and 
relubrioating with 'Molyslip 1 , a molybdenum diaulphide suspension. 
Several months of trouble-free operation were then experienced.
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Unfortunately, similar trouble was again experienced 
when, due to a failure in the water coolant supply to the 
condenser, it became necessary to strip the colum completely 
and replace the motor rotor bearings. Various attempts were 
made to locate the source of the trouble, and although various 
alterations and slight ijoaprovements were made, the unstable 
rotor operation persisted. It was found that the trouble 
disappeared when the stator windings were energised direct 
from the mains, rather than from the rotary generator of the 
speed-control system. It was therefore decided to use the 
two available stator windings connected directly to the mains 
and run the column at the synchronous speeds of 1,470 r.p.xa. 
and 2 t85Q r.p.m. , at which no trouble was experienced! a pole 
winding was available for the lower speed* As it was still 
possible to use the rotary converter for the lowest speed of 
670 r.p.nu a good range of speeds was available. When the 
stator windings were connected directly to the mains, the 
capacitance of the starter condenser was reduced to the 
recommended value of 5 J*F«
Later, the trouble was largely cured by mechanical 
improvements in the motor-drive rotary generator system.
k.1.3* Condenser design
Shahbenderian had noted that when his distillation 
column was operated at low boilup rates and low speeds of 
rotation, abnormally high values of E.2.T.F. were obtained. 
This he attributed to the channelling of the reflux stream 
in the absence of a proper weir at the top of the column. 
Reflux distribution was supposed to be effected by a string
wiper attached to the rotor, but Shahbenderian doubted the 
effectiveness of this device.
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The condenser assembly was redesigned as shown in 
4»3 to try and eliminate this source of channelling, by 
improving the reflux distribution. The outer tube of the 
column was no longer made integral with the jacket of the 
oondenser as before* Its upper edge was carefully ground 
flat and square to the axis in the lathe to form the overflow 
edge of the weir, while the liquid was retained by an annulum 
of triangular cross-section between the outer wall of the 
glass stator and a 45 chamfer machined in a surrounding 
brass ring. This ring was held in position by a system of 
0-rings and Tufnol flanges* Distillate could be removed 
from the coluinn by means of two stainless steel needle valves 
with P«T*F,E« seatsf each of which was connected to 2 holes 
leading from the weir to the underside of the brass ring, 
Visual observation of the reflux indicated that the reflux 
distribution was greatly improved by this arrangement.
A double-wound countercurrent copper condenser coil 
which terminated at its lower end in a single copper ring had 
its inlet and outlet fitted through the existing aluminium 
support ring which was attached to the stainless steel housing 
surrounding the squirrel-cage motor. This copper ring had a 
narrow strip of perforated brass soldered to it, thereby 
enabling the condensate leaving the condenser to drain uni­ 
formly into the weir prior to returning to the column.
Jf.l.J*.. A di aba tic control.
The adicbatic control system was similar to that used 
by MacLeod and Matterson. The rectifying section of the 
column was supported by a tubular copper jacket, which was 
surrounded by a heating jacket wound in three sections;
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each section being rated at 100 watts. Power was supplied 
to each section by a variac through a 200 ohm series resistor. 
Corresponding v/ith each section was a pair of matched 
thermistors: one on the column wall, the other on the copper 
Jacket. Each pair could be connected to a Frith bridge by a 
rotary switch which made a complete revolution every minute. 
When a radial temperature gradient existed the difference in 
resistance between the thermistors connected to the bridge 
caused a relay to close a switch wired in parallel with the 
200 ohm series resistor, thereby increasing the heating 
current in the particular section of the heating jacket. 
The system is shown diagraminatically in Fig. /f.Jf
One thermistor of each pair was wired in series with 
a wirewound 100 ohm trimmer. Thermocouples mounted along­ 
side the thermistors enabled the absolute and differential 
temperatures in the column to be measured. To ensure a 
balance between each thermistor pair, the column was switched 
on g and, when the radial temperature gradients as measured by 
the thermocouple pairs become zero, and the wall temperatures 
reached the boiling point of the test mixture, the slide-wire 
of the Frith bridge and the thermistor trimmers were adjusted 
so that the bridge relay had just switched off, thereby 
reducing the power input to each section. The variac 
settings were chosen so that when the relay was open the 
power supplied was insufficient to maintain the wall 
temperature at the required value, and when the relay was 
closed, the full power supplied was greater than that necessary 
to maintain the correct wall temperature. As it was not found 
possible to obtain a balance with an air gap, the space between 
the column and the tubular jacket was filled with asbestos
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string thereby preventing radiant heat transfer and air 
circulation between the wall and jacket thermocouples and 
thermistors.
»5» Other miscellaneous improvements.
When the column was taken over from Shahbenderian, 
the electrical system was completely rewired, and the 
existing heating jacket was replaced by one which was 
commercially made. Other slight modifications were also 
made* In an attempt to reduce the variability of heat 
losses from the stillpot, an aluminium windshield was placed 
around it* Later, the power to the stillpot heater variac 
was supplied through a constant-voltage transformer, so that 
fluctuations due to mains voltage variations were eliminated, 
Heating tapes were wound around the exposed portion of column 
immediately below the condenser weir, and around the boilup 
meter,
In addition the glass tap and barrel of the boilup 
meter were replaced by a 3 nsm. stopcock made of P.T.F.S. 
which turned in a glass barrel of appropriate size. As 
P.T.F.E. is self -lubricating, grease which formerly had 
been required was no longer needed, and there was no con­ 
sequent contamination of the test mixture which had acted as 
an efficient degreasing material for the lubricated stopcocks 
formerly used*
All the ground glass joints had been sealed with 
Auico valve lubricant. Although this was a most effective 
sealer, it caked hard after a short period of time and made 
dismantling of the column extremely difficult. This was 
replaced with sleeves made of *.T.F.E. which fitted between 
the cone and socket comprising each joint. These sleeves
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provided vacuum-tight joints, and being self-lubricating, 
simplified the assembly and dismantling of the column,
k.1.6. Boilup rate experiments* determination of boilup 
by heat input*
At the outset of the distillation experiments con« 
siderable thought was given to the possibility of eliminating 
the boilup meter and relying on power input measurements, 
which, together with the knowi heat loss from the stillpot 
and heater, would give the boilup rate provided the latent 
heat of vaporisation of the mixture were known*
The boilup meter consists of a glass device fitted 
into the column which causes the reflux to be diverted through 
a side-arm fitted with a stopcock* Under normal operating 
conditions the reflux flows through this side-arm. When it 
is required to determine the boilup rate (or more correctly, 
the reflux return-rate) the tap is closed and the time taken 
for the liquid level to reach a suitable mark is measured* 
The drawbacks of using such a method aret
(i) Point values of boilup rate with respect to time 
are obtained. If the power input or heat loss alters sig* 
nificantly after the measurement has been taken, distillation 
conditions will be altered*
(ii) The removal of a small quantity of reflux from 
the system, then its subsequent return upsets the thermal 
equilibrium of the system; this may result in a change in 
the material equilibrium*
(iii) The boilup meter will act as a length of open- 
tube distillation column, and cause some separation*
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The alternative method is to measure the power input 
to the stillpot, froiided the heat loss from the stillpot 
is accurately knov.ii and remains constant and the latent heat 
of vaporisation of the mixture is known, the boilup rate can 
be determined* The heat loss must be small compared with 
the heat input if the method is to be accurate,
Heat loss experiments were conducted to detendLne the 
magnitude of the heat loss from the stillpot. Unsteady state 
and steady state methods showed the heat loss to be
** 1 5 wattsf the steady state methods giving more reproducible 
results* Calculation of the boilup rate from the heat input 
and comparison of the values obtained, using the boilup meter 
indicated the loss to be ^ 20 watts* For the range of 
operation of the distillation column, the maximum power input 
was 70 watts and the nrir.inmm $0 watts* These cox-responded 
to boilup rates of approximately SCO ni3/hr. and 200 m3/hr» 
respectively* As the net heat inputs were therefore 
10 watts and 10 watts, an alteration or uncertainty of, say. 
1 watt in the heat loss would result in corresponding errors 
of ~ S$ and ^10$. It was decided in view of this 
error and the uncertainty in maintaining the heat loss 
accurately^ to retain the boilup meter. The power input to 
the heater was also measured to provide some check: the 
maximum variation in the boilup rate for a given power input 
was observed to be 10$. Greater consistency might well have 
been obtained had it been possible to maintain a constant 
temperature enclosure surrounding the stillpot and boiler*
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»7« Choice of test mixture! Analysis of components.
In the previous chapter, the choice of test mixtures 
suitable for use in a high-efficiency column was discussed. 
Two mixtures, n-heptane-methylcyelohexane and 2,2,4 
trimethylpentane-methylcyclohexane, were considered. 
Although the former mixture has been used more extensively 
by other workers, there appears to exist some doubt as to 
the ideality and relative volatility. Nevertheless, this 
mixture was used for the earlier runs and a value of 
a « 1.075 was used for calculating the number of theoretical 
plates. The components used were of the purest grades 
commercially available, the n-heptane being Hopkin and 
Williams Refractive Index grade, and the methylcyclohexane 
Kodak's Sjpectroscopic Grade.
<
As some of the results obtained showed considerable 
scatter, and also because doubt was expressed pSi 5*) as to the 
purity of n-heptane used in the column it was decided to 
analyse the components by a gas chromatography technique.
The gas chromatography column used consisted of a 
narrow-bore U-tube having an overall length of 6 feet^ and 
was filled with 5>'« Apiczon M supported with a suitable 
medium. A flame ionisation detector which burnt hydrogen 
was used in preference to an Argon detector since the former 
was more sensitive and more stable, and was reliably reported 
( S 7 ) to have a uniform response to hydrocarbons. The 
carrier gas used was nitrogen and the operating temperature 


















GhrttZLato-rams of 2,2,4 triaethylpentane, :-ethyieyclo- 
hexane and n-heptane are shown opposite. While the first tiro 
materials (which were ILodak Spectre Grade) are seen to be com­ 
paratively pure and free from impurity, the n-heptane consists 
of three components A, B and C v/hich are present in the 
proportions 40$, 35^ and 25/£» The use of the n-heptane 
test-mixture was therefore abandoned and 2,2,4 trimethylpentane- 
methylcyclohexane was used in its place*
It is not possible to state categorically whether these 
large amounts of impurities in the n-heptane could be respans«» 
ible for a large variation in experimental results* Obviously, 
the two other components wiU be of similar type physically, 
since the refractive index of the impure material is identical 
with the literature value for pure n-heptane - unless of course 
this value is also based on an impure sample* As mentioned 
previously in the discussion of choice of test mixture, even 
though the appropriate physical properties of the impure 
n-heptane be identical -vTith those of the pure material, it is 
possible that the vapour-liquid equilibria of the test mixture 
will be affected so as to give values of relative volatility 
which will vary with composition* Furthermore, different 
samples of n»-heptane may contain different proportions of 
impurities which could account for existing discrepancies 
occurring in the literature in vapour-liquid equilibrium data 
and distillation studies*
Any such uncertainty is removed if a test-mixture 
consisting of pure components, e.g* 2,2,4, trimethylpentane- 
methylcyulohe-xane ia used.
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4.1.8. Column operation* Outline.
The stillpot was charged with approximately 200 ml* 
test mixture which contained ~ 0.2 mole fraction of the 
more volatile component; initially this was n-heptane but 
later 2,2,2}. trimethylpentane was used. The heavier com­ 
ponent was methylcvclchexane. A test run was then conducted 
to enable the variacs which supplied the three windings in 
the jacket heater to be set to the appropriate values and to 
determine the correct settings of the series triimers con­ 
nected to the thermistors and the position of the balance 
control on the Frith bridge* "/hen a thermal balance was 
attained, each thermocouple pair showed no radial temperature 
gradient, and each wall temperature registered the boiling 
point of the test mixture at that point.
4«1»9» Visual observations*
Before the distillation experiments were commenced, 
a series of visual observations was conducted with the heating 
Jacket heater removed, and the rotor surface was observed 
while in notion by mean a of the Dawe stroboscope,
Shahbenderian calculated that for speeds in excess of 
500 r.p.m* using the 2.60 cm. diameter rotor, the rotor surface 
would be substantially dry. Observation of the 2.20 cm. 
aluminium rotor surface showed the prescence of small droplets 
moving slowly down the rotor at speeds greatly in excess of 
500 r.p.m. The droplets moved with abcut the same radial 
speed as the rotor. It is very doubtful if they contributed 
significantly to the mass transfer processes in the column*
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Zt tfes also observed that at speeds of' ^ 2 fCXX) r.p.m. 
the vapour drag on the film of liquid reflux was noticeable 
with the reflux describing a spiral path of about 2^ corKscrew 
turns along the column length* 
^.,1*10 Column Operation; Detail.
For the majority of experiments conducted at lower 
boilup rates, and in particular -when the rotor was stationary 
the column was preflooded by setting the variac supplying the 
stillpot heater so that a boilup rate of 1 ,200 m3/to*. 
was achieved. This increased the probability of even wetting 
on the stationary surface(s). When thermal equilibrium had 
been attained, the heater variac was then altered to give the 
required bcilup rate in the region 200 ml./hr. - 800 ml./hr. 
In later experiments when it was realised -that the heat supplied 
to the heating tape situated below the condenser was important 
in maintaiiiing (as far as possible) adiabatic conditions, the 
variac which supplied this tape was adjusted until the relevant 
thermocouple registered an appropriate value of temperatult to 
prevent radial lie at loss. In addition, the flow of coolant 
through the condenser was carefully controlled, so that the 
reflux was not sub-cooled to any great extent. In experi­ 
ments conducted with the inner cylinder rotating, the rotor 
was then starter, and the column was permitted to run for a 
period of time not less than k hours. Periodicc-lly, th<? 
temperatures registered by the coluiiin thermocouples ware 
recorded to check that there was no radial heat loss. During 
the run, boilup rate measurements were made by closing the tap 
on the bypass arm of the boilup meter, and measuring the tine 
taken for the liquid level to reach the tip of the internal 
glaM pointer. :,t tiie end of the run, samples were taken
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from the condense* weir by opening one of the needle valves, 
and from the stillpot by withdrawing the requisite amount by 
means of the hypodermic syringe. The samples were collected 
in bottles of 1 ml. capacity and stoppered by means of a B10
f
stopper. This ensured that saraples were airtight and so 
could be left for a considerable period of time before 
analysis, if the need arose.
The proportion of more volatile component in the 
sample was determined by refractive index measurement* For 
the n-heptane-r.:ethylcyclchexane mixture a normal Abbe 
refractoineter was considered adequate, but a drum-reading 
Abb's was used for the 2,2,4. trimetliylpentane-methylcyclohexane 
test mixture. This gave the greater accuracy nscsssary a.s 
the latter mixture did not have as large a difference between 
the refractive indices of the pure components. Also for the 
same separating power, the stillpot and distillate mole 
fractions lie closer together, on account of the lower relative 
volatility. All aeasurements were made at 25 C, and the
quadratic relations given by Yfillingham et al. ( ^3 ) were 
used for finding the values of mole fraction. Both mixtures 
were assumed to be ideal with constant relative volatilities 
of a * 1 .075 for the n-heptane mixture and a = 1 .0^9 for the 
2,2,4- trine thy Ipentane system. Computing the values of the 
number of theoretical plates, N, in tids fashion is prefer­ 
able to using a graphical method; unless the graph is large 
and very carefully constructed, there vail be some random error 
imposed on the values* To eliminate the need for hand cal­ 
culation, a short Autocode programme was written for use with 
the Sirius computer; this programme slightly modified, was
also used for recalculation of Shahbenderian 1 s results for 
purposes*
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The number of theoretical plates was determined fear 
various boilup rates between 200 ml/hr* and 800 ml/hr. and 
also at different speeds of rotation, in order to investigate 
the effect of Taylor number on separating power* Discussion 
of these and results obtained with column 2 is deferred until 
a later chapter. 
4,2, ' Column 2. 
4.2.1. Considerations of scale-up: Design of column 2.
To allow the effects of scale-up to be investigated, 
it was decided to construct a larger distillation column* 
Shahbenderian, in his research, had used a rotating cylinder 
mercury vapour transfer assembly which was operated with inner 
rotating cylinders with diameters ranging from £' oi~ cmf 
to J3-I8 c:.i. As the mechanical system was identical to 
that used in the (smaller) distillation column, i.e. a loaded 
cantilever system, it was considered advantageous to build the 
new distillation column of suitable size, around this canti* 
lever. The cantilever was much longer and considerably more 
massive than that previously used, and so the critical speed 
was at a lov/er frequency. For comparable operating speeds 
of rotation, then, (c. 1,500 r.p.m.) the system was running 
at a speed far above the critical. r^irthermore, it was 
decided aft far as was practically possible, to maintain
geometric similarity between the two columns and preserve
V t/the same r ratio. The ' 2b ratio is not considered o
important since the length of each column is long compared 
to the hydraulic diameter, and so entrance effects will be 
relatively unimportant. If the columns are geometrically 
•isdlar, it is then possible to investigate the effects of 
scaling up e rotary concentric cylinder distillation column.
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4* 2* 2* Cantilever and Rotor
Ifee rotor asftenbly was supported by this cantilever, 
which ?7as lj feet in length and 2 inches in external diameter, 
Unlike the cantilever used in colucm 1 it was of a hollow 
construction since the weight contained in a solid rod of 
this size woul^ have been izposeibly he&vy to support. The 
cantilever counting consisted of Vee blocks and it TOUB fixed 
at the top of a 12 feet length of channel,* This height was 
necessary to e.Hcw assembly and dismantling of the column.
It vrae decided to retain the belt-drive arrangement 
originally used by Shahbenderian for this large apparatus* 
A »<|ulrrel*<jage zaotor powerful enough to drive this sruch 
larger rotor (probably at least i K***} would have required 
a very costly variable frequency altematir«g current generator 
and as suitable mechanical s^iflf t sealo had become available 
at reasonable ccst which consumed little ^o^r, a ^canned11 
motor arraj^^..ent was Asested unnecessary.
The rotor consisted of a 5 feet (152 cra«) length of a 
light aluminium alloy tube which was 3 k inches (8,26 cm.) 
in external :lianster. At the appropriate distance along its 
length a brarak spider »vas secured by throe Alien screws so 
that whan the rotor -i-~ ,_-^wed into position, the spider 
engaged with the outer race of the lower bearing. The lower 
end of the rotor was sealed with a hemispherical plu& of 
aluminium in which an 'O'-ring was incorporated to ensure the 
rotor was gaslight. The heads of the Alien screws were 










The condenser section was based on that used for 
column 1, and is shown in Pig. If, 6, The upper brass ring 
supports the countercurrent condenser coil "which drained 
into the weir. The upper side of this ring was machined 
with a recess so that the *Impaxl mechanical seal No. 
CBA 3250/2 was a push fit into it. The ring was held in 
position by three 1 inch diameter mild steel pillars which 
were attached to a flanged cover by three Alien screws. 
This cover was screwed on to the cantilever. A gas outlet 
was also provided in the ring.
The lower brass ring which together with the upper 
edge of the coluirji stator formed the wsir, was held in 
position by two suitably shaped brass plates which rested on 
a frame of 2 inch by 2 inch angle iron attached to the main 
channel support. The reflux could be removed from the weir 
by the four stainless steel needle valves (identical with the 
two used, in column 1) which were screwed into the brass ring* 
The glass condenser housing and the upper end of the stator 
were sealed by 'C'-rings and brass flanges.
4.2.4« Stator andstillpot.
The stator consisted of a 4>i feet (137 cnu) length of 
Q.V.F. glass tube with the lower end made into a normal 
flanged end. The nominal diameter was 4- inches and the 
upper end was cut off horizontal and fire polished by the 
manufacturers. This upper edge formed the weir. The 
measured internal diameter of this glass v/as 10.75 cm.; as 
the external diaineter of the rotor was 8.26 cms., this
resulted in a radius ratio 'r * 0,233, which ccos>ared
y
with a ° = °» 21 A- for column 1. Furthermore, the gap





















width of 1.25 cm. was sufficient to allow the rotor to pass through 
the critical speed without striking the glass stator.
The lower end of the Q.V.F. glass tube was attached to an 
equal-ended Tee-pieoe which formed the stillpot. The two open 
ends were closed by means of two machined brass pieces, one of 
which held a 1.5 iST immersion heater, while the other was fitted 
with a thermocouple pocket, a stainless valve of the type used for 
reflux take-off, and a filling cap. The Tee-piece was held to 
the glass stator and the brass cover-plates by backing flanges and 
compressed asbestos inserts. The gaskets were of cork with 
P.T.P.E. sleeves. The complete column was supported at the 
stillpot join by a rigid frame of 2 inch by 2 inch angle iron which 
was bolted to the main channel support. To facilitate assembly 
and operation of the column a platform and handrail were erected, 
surrounding the column. A second, smaller platform rested on 
the main platform which provided a base for the motor which drove 
the rotor.
The column is shown diagrammatic ally in Pig. Jj.,7, while Pig. 
4*8 gives details of the stillpot.
J«.«2.5» Adiabatic control of rectifying section.
Heat loss from the stator wall was minimised by means of an 
adiabatic control system similar to that used for Column 1. Two 
flexible jacket heaters each rated at 700 watts were tightly 
fitted around 4 half-sections of steam-pipe lagging which in turn 
was snugly fitted around the outer surface of the glass stator. 
The inside and outside surfaces of this lagging were wound with









each with a nominal resistance of 10 ohms. There were therefore 
two complete sensing coils per section (four for the whole 
column length) one inner and one outer separated by the thermal 
reistanoe of steam pipe lagging. A thin aluminium sheet was 
placed between the outer surface of the lagging and each heater 
to minimise any local variations in heat input.
For preliminary distillation experiments, each pair of 
sensing coils was connected to two arms of a rfae at stone bridge 
network. When the resistance of the inner coil dropped as a 
result of the temperature falling, the resultant out-of-balance 
current operated a relay and caused power to be supplied to the 
appropriate heater. This, then, was a simple on/off system, 
compared with the more sophisticated half -on/full on arrangement 
used for column 1. After these preliminary distillation 
experiments, a check was made on the effectiveness of the control 
system by inserting thermocouple pairs in the lagging and measuring 
the temperature difference between the inner and outer thermocouples 
of each pair over a period of time. These measurements showed that 
the temperature difference between inner and outer thermocouples 
varied by as much as i 10 C over a period of 15 minutes. An 
attempt to cure this trouble by adding more lagging to the outside 
surface of the heaters reduced the temperature difference to - 5 C, 
but the cycling continued.
It was therefore decided to * -jplace the simple ."hatstone 
bridge system rath the thermistor bridge system used in Column 1, 
with the sensing coils in place of the thermistors. Although 
the/
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the resistance of each coil was much lower than that of a 
thermistor (10 ohms compared with 1000 ohms) and a thermistor was 
more sensitive to a given temperature change, it was hoped that 
the coils could be used, as fitting thermistors would have proved 
difficult. Fortunately the thermistor bridge system perfonaed 
satisfactorily with the sensing coils once the variac supplying 
power to each jacket heater had been correctly set. The 
temperature difference between each thermocouple pair was 
estimated to be better than - 0.3 C and the short-term cycling 
was eliminated* 
4.2*6. Power supply : boilup rate determination.
Power was supplied to a 1.5 kW stillpot immersion heater 
from an S amp variac. Heat loaa from the stillpot was 
minimised by insulating the brass ends with expanded polystyrene 
and lagging the glass with asbestos tape which was covered by a 
low power heating tape rated at A-0 watts. The 2 amp variac 
supplying this tape was preset at a fixed value.
Because the net heat loss can be controlled at a small 
fixed value, boilup rates can be conveniently and accurately 
determined l$r measurement of the electrical power supplied to the 
heater provided the magnitude of the heat loss is known.
Initially, experiments were conducted to determine the 
net heat loss which was found to be 91*0 watts. This 
corresponded to a boilup rate loss of 1,550 ml/hr. As the 
lowest net boilup rate was 2,300 ml/hr, this heat loss was 
considered comparable in magnitude with the heat necessary to 
maintain/
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aaintain a boilup rate of 2,500 ml/tor, and was therefore too high. 
Additional fibre-glass wool lagging was added to the stillpot 
and the setting of the 2A variac was increased slightly. This 
reduced the net heat loss to 23 watts which corresponded to 400 
ml/hr. boilup rate.
Power input to the heater was determined using 2 Avometers, 
one as voltmeter and one as ammeter. Accuracy of measurement 
was estimated as being better than 2^. Net heat loss was 
determined as follows:
Two small gaps were made in the Insulation so that reflux 
dripping from the bottom of the metal rotor could be observed. 
At a given power input reflux could be seen dripping off the rotor 
at a certain rate* As the power input was reduced the drip rate 
fell until a limiting value was reached. Decreasing the power 
input further caused no further fall in drip rate. The power 
input corresponding to the drip rate slightly above the minimum 
rate was taken as being equal to the net heat loss. So that this 
loss remained unaltered during distilling, the small gaps in 
insulation were left*
4*2*7* Mechanical performance of rotor*
Initially, the rotor was driven by a 0.25 H.P. B.C. 
motor supplied by an electronic speed control unit, which 
enabled the rotor to be run at speeds between 200 r.p.m. and 
2,000 r.p.m. Unfortunately, this motor was not powerful enough, 
and burnt out after some hours use. A 3 phase 0.5 H.P. A.C. 
motor running at 960 r.p.m. was then used. By changing belts and 
pulleys/
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pulleya four rotor speeds of 1,000, VXto, 1,6*70 and 2,200 r.p.m. 
could be obtained. As this driving system was inconvenient, it 
was replaced by a 0,5 H.P. Allspecd* Kopp variator, driven by a 
3 phase 0,5 H,P, 960 r.p.m. AC act or, which had continuously 
variable output speeds from 300 r,p,m, - 3000 r.p.m. This was 
coupled to the column rotor by means of a Tee belt to give rotor 
speeds of 300 r.p.a. - 2000 r.p.m. Above this top speed, belt 
•lip became excessive presumably due to overload* "ithin these 
lioits the Kopp variator performed very veil.
The critical rotor speed was found to be C. 600 r.p.m. 
Below this speed, smooth running down to 300 r.p.m. was obtained, 
and the rotor ran well between the critical speed and 2000 r.p.m. 
No difference in stability of rotor operation was observed when 
the rotor was run hot. Only once did oscillation appear at 
speeds other than the critical. This fault was due to a section 
of the cantilever working loose and was easily rectified.
4*2*8, Additions to the rotor : provision of wipers and wires.
Because it was not possible to have the glass stater 
mounted exactly vertically and its upper edge ground square, 
thereby ensuring even reflux distribution, 2 P.T.F.S. wipers were 
fitted to the upper end of the rotor. These wipers were made 
from 2 P.T.F.E. strips each 0,25 in* cross-section and k in. length. 
They were hinged at their upper ends on to a collar which was 
constructed from two semicircular pieces of aluminium. These 
pieces were tightly clamped to the rotor. Uhen the rotor was turned 
the wipers tended to fly outwards against the class, carrying 
around any reflux present. Visual observations described in 
section/
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section 4,2,9. showed that reflux distribution was satisfactory 
at boilup rates investigated.
When the principal distillation experiments were finished, 
the effect of stirring the liquid film of reflux was investigated. 
Two wires of drawn brass were strung the length of the rotor by two 
clamping split rings made of brass. The tension in each wire was 
low so that when the rotor was turned, most of the wire length was 
thrown against the glass stator thereby agitating the liquid film.
4.2.9* Visual abservatlon of reflux.
Visual studies of the reflux were made as follows: 
i) on the stator wall using normal illumination 
ii) on the rotor surface using stroboscopic light 
iii) on the stator wall with sweeping wires attached to the rotor
using stroboscopic light. 
These observations were conducted:
(a) with the jacket heaters completely removed
(b) through a 1" circumferential gap between the two heaters at 
the midpoint of the column length.
Condition (a) corresponded to non-adlabatic operation of 
the column while conditions (b) approximated closely to adiabatic 
operation.
For each set of conditions the rotor speed was varied 
between 850 r.p.m. and 1900 r.p.m. which corresponded to a Ta range 
of 7240 < Ta t 16150.
At speeds of rotation up to 1400 cpjn. the reflux behaved as 
a rippling wetted film. At 1600 r.p.m. the ripples had almost 
completely disappeared and were replaced by a pattern of rivulets 
which were inclined at an angle of c. 20° to thB vertical. At 
the/
- 75 -
the highest speed of 1900 r.p.m. these rivulets were more 
pronounced but were still of the same form. Under these non- 
adiabatic conditions it was not possible to tell whether the 
reflux was evenly distributed around the stator wall. However 
when observations were made with the jacket in place (with the 1" 
circumferential gap) under conditions which were close to those 
of adiabatic operation, a uniform rippling film was observed at the 
rotational speeds of 850 r.p.m. and 1275 r.p.m. at the lowest 
boilup rate of 2500 ml/hr., which corresponded to vapour phase 
Re » 278 or a liquid phase Re. « 20. At the highest rotational
•
speed of 1900 r.p.m. at this low boilup rate, revulets could be 
observed; between the rivulets, which were spaced a distance of 
2-3 cm, no liquid could be seen, which was in contract to all 
other observations at boilup rates higher than 2,500 ml/hr. at 
this high speed of rotation. This is good evidence for assuming 
complete and even wetting of the stator by reflux at all conditions 
except that of low boilup rate of 2500 ml/hr. and high rotor speed 
of 1,900 r.p.m.
Under non-adiabatic conditions it was possible to observe 
small droplets on the rotor surface with the aid of stroboscopio 
light, at the lowest rotational speed in the range 850 r.p.m. - 
1900 r.p.m* Their diameters were of the order of 2.0 mm. and 
their density was 10-20 per sq.cm. on the rotor surface. Behind 
the trailing edge of many of these droplets were striations. As 
the rotational speed was increased the number of striations 
decreased 3 2nd the size and number of droplets decreased. The 
rate of descent of these droplets also fell as rotor speed was 
increased/
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increased; at 1000 r.p.m. rate of descent was c. 3 cm/sec, which 
at 1400 r.p.m. had decreased to c. 1.5 cm/a&G. Also at 1400 r.p.m. 
the striationa had completely disappeared. "While the droplet 
size was of the order of 1.0 mm. at the top speed of 1900 r.p.m. 
the droplets had almost completely disappeared apart from a few of 
c. 0.1 mm. diameter which were moving hori£ontally. The few 
observations conducted with the lagging in place did not conflict 
with these findings. A single observation (without lagging) at 
the rotor speed of 240 r.p.m* showed the rotor surface was 
substantially wet* Conclusions from these findings were:
i) There is no evidence of a substantial mass transfer 
film on the rotor in the speed range 850-1900 r.p.m.
ii) There is no evidence of condensation along the rotor 
length*
The third set of visual observations, of the stator wall with 
wires attached to the rotor, was made with the jacket heaters in 
place. Observations were conducted at speeds of 850, 1275 and 
1900 r.p.m. and 2,500, 6,000, and 10,000 ml/hr. At the lowest 
rotor speed there was slight turbulence surrounding the wires at 
all the above boilup rates. This was shown by an abnormally 
disturbed region of reflux film in the wire's immediate vicinity. 
Increasing the speed to 1275 r.p.m. caused fine bubbles of vapour 
to appear entrained by the action of the wires. The width of this 
band of entrainment was 1.0 - 2.0 cm. Increasing the speed 
further to 1900 r.p.m. caused this entrainment to be more vigorous. 
As the boilup rate was increased at this speed of rotation waves of 
liquid were periodically seen to sweep round the surface of the 
reflux at a speed slower than that of the rotor.
Where/
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Where appropriate, further reference will be made to these 
phenomena in the discussion of results in chapter V,
4*2.10. Column operation under conditions of distillation.
At the beginning of a series of experiments the stillpot 
was charged with 2 litres of test mirture which contained c. 0.2 
mole fraction of the more volatile component. The test-mixture used 
was 224 tidmethylpentane-methylcyclohexane: both these components 
were supplied by Kodak Ltd. and were Spectro Grade quality. The 
immersion heater was then supplied with full power until reflux 
appeared at the top of the column, then it was set to give the 
appropriate boilup rate. At the same time, the jacket heaters 
were switched on and the variac s supplying these were preset to give 
the appropriate power inputs which had been determined previously* 
The rotor was then set in motion and the supply of coolant adjusted 
so that as little sensible heat as possible was removed from the 
condensate. When thermal equilibrium had been established, the 
column was allowed to run for a period of 4-5 hours to ensure that 
material equilibrium was established. Stillpot and distillate 
samples were then withdrawn and analysed for mole fraction of more 
volatile component using a drum-reading AbbI refractometer. During 
each trial thermocouple measurements were made of differential 
temperatures in the upper and lower jacket heaters, to ensure the 
absence of heat loss from the rectifying section.
When samples had been taken for analysis, either the rotor 
speed or the boilup rate was altered, and the column again allowed 
to reach material equilibrium. In this way, it was possible to 
obtain/
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obtain 3 readings per day* A low supply of heat to the column 
was left on overnight, so that a long warm-up period in the 
morning was not necessary. From time to time, additional material 
was supplied to the stillpot to replenish the contents removed by 
sampling.
After the principal experiments had been conducted with this 
column, two sweeping wires were attached to the rotor in such a 
manner (described in section 4.2.8.) that they swept the reflux film 
continually. A series of experiments was then carried out. 
Because of the construction of the column it was not possible to 
have the whole length of the wire disturbing the reflux - a portion 
of the wire cut through the vapour. It was therefore necessary 
to conduct further check experiments with the wires tightened so that 
they stirred the vapour only.
The results and implications of these experiments are 




In this chapter, the results of the present experimental 
study are compared with values predicted from theory. Results of 
certain previous investigators which were referred to in Chapter II 
are also included. To simplify presentation the chapter is divided 
into two principal sections, the first dealing in detail with the 
theory, the inferences drawn from it, and the assumptions necessary 
for comparison of results estimated from the theory with experimental 
results. In the second section the experimental results are com­ 
pared with these estimated values.
5.2 The Westhaver/Shahbenderian/Flower theory
In Chapter II, a theory is presented which was developed 
by Westhaver for the operation of open and concentric tube 
fractionating columns. Subsequently Shahbenderian extended this 
treatment to include the case with the inner cylinder rotating such 
that the vapour flow was laminar + vortex. This theory was based 
on classical steady-state mass-transfer theory and was chosen to 
predict the performance (in terms of separating power) of rotary 
concentric-tube fractionating columns because there is evidence 
tiiat in certain cases it can predict column performance under 
specified conditions of operation.
In Chapter II various sets of mass transfer data were 
presented which could be correlated in the form:
n , r 0.25 
Sh a (Ta)°*5 (^) f (So) 5.1




Shahbenderian has shown that
or H =v k
Eliminating k and substituting in 5.1 gives:
jr (Ta)-°-5 (Re) £) * f (so) 5.2 
iT o
Y.Tiere there is liquid-phase resistance present Westhaver predicted 
that t in the case of a laminar film of reflux
33 ^r/L 
% " 140 DT 5.3
JU
In the presence of rippling, the value of H. will be less than that 
predicted. The total H.E,T.P, is equal toj •
5.2*1 Inferences and assumptions in the present work 
Inference 1. In the absence of any liquid-phase resistance to 
mass transfer, the \Yestha ver/sShahbenderian theory predicts that the 
H.E.T.P. should vary inversely as the square root of the rotor speed 
and directly as the boilup rate. This inference rests on the two 
assumptions, , A and B:
A That the interfacial area remains constant over all operating 
conditions.
In the Irrger Column II, rotor speeds were varied between 
850 - 1900 rpm. Before the distillation experiments were started 
an extensive a-.ries of visual observations of rotor and stator 
appearance was conducted with normal and atrobosoopic li;;ht over 
the range of boilup rates 2500 - 10000 ml/hr. From these visual 
observations/
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observations described in detail in Section 4.2,9 (Chapter IV) and 
from the reproducibility of distillation experiments later conducted 
it may be concluded that:
a) The outer wall was completely wetted i?dth reflux
b) The rotor surface was substantially dry, the influence of 
the observed droplets being negligible.
The interfacial area was not therefore altered by variable 
wetting of either surface. Under many operating conditions the 
liquid film was not laminar, but rippling. At the lowest and 
intermediate rotor speeds of 850 and 1275 rpm. (corresponding to 
Ta » 7240 and Ta a 10,750 respectively) rippling was observed at 
boilup rates between 4,000 ml/hr. and 10,000 ml/hr. This rippling
increased in amplitude with boilup rate, and was absent at the
2lowest of 2,500 ml/hr. Assuming a value of V T « 0.0041 cm /seol»
for the liquid kinematic viscosity of the test-mixture used, the 
range of boilup rates 2,500 ml/hr. - 10,000 ml/hr. corresponded to
ReT in the range 20 < Re_ < 80. At a Re. = 20 the liquid now L L L
was observed to be laminar. By extension of a theory propounded 
by Kapitza (59), Portalski (58) has predicted the onset of a 
pseudo-laminar (rippling) regime when:
L3.8 He. = 5.33 (— ~r 5.3.4
Jj S
The critical Re. for the test-mixture used in the distilling con-
L
ditions in Column II was predicted by equation 5*4 as Re, = 20, 
which is in agreement with the experimental observations. Tailby 
and Portalski (60) have obtained independent verification of 
equation 5.4 by observation of wetting rates of 82^ glycerin 
solution on a stainless steel plate. Their observed and estimated 
values were Re* » 7 and He =4.9 respectively. 
At/
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At the highest rotor speed of 1,900 rpn, (Ta * 16,150) the 
rippling was replaced by a series of troughs and striations of 
reflux which were nearly vertical. No dry patches were observed 
on the stator surface* The effect of rippling and the pattern of 
striations is to increase the surface area slightly. In the former 
case this can be predicted using an expression derived by Portalskix
T a . \ 3 2
where &» is the fractional surface area increase.
At a boilup rate of 6,000 al/lir. (Rer » 6k) the estimated surfaceLi
area increase is < 0*3^. Portal ski (60) working with 82£ 
glycerin has independently oonfirmed this relation to be approximately 
correct. While it is not possible to estimate the surface area 
increase due to the striationa caused by the highest rotor speed, 
there is no reason to suppose they will be greatly different from 
the increase arising from rippling* Those two surface disturbances 
are unlikely, therefore, to alter the surface area significantly and 
assumption A, that the interfacial area does not alter with operating 
conditions is probably essentially correct*
Inference I also rests on the assumption: 
B That the vapour flow regime is laminar + vortex*
Iron the data of Beoker (16) Flower (22) and Todd (23) riven 
in Fig* 2,5 the vapour flow cannot have been laminar but must at
least have been in the laminar + vortex regime. The vapour viscosity
2value was assunod V>v a 0.0306 cm /sec. From the work of Flower it
is unlikely that the flow was turbulent * vortex at tho lowest rotor 
speed corresponding to Ta * 7240 even making allowance for the 
uncertainty in the assuaed value of \} j but the vapour 11 ow uay 
have/
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have been turbulent + vortex at the highest Ta = 16150. It is 
probable that at the lowest boilup rate of 2500 ml/hr. (corres­ 
ponding to Re = 280) the vapour is laminar + vortex throughout the 
Ta range* 
5.2.2 Inference II
If maximum weight is given to the liquid side resistance a 
second, more complex, dependence is obtained by combining equations 
5.2 and 5.3:
= X.(Q) 3 (So) «• Y(Q) (Ta)"0 ' 5 f(So)
This form of dependence is based on two further assumptions: 
C That the reflux film is in laminar flow
For many conditions of operation in column II we have shown 
both experimentally and theoretically from Portal ski's relation in 
section 5*2.1 that this is not true, and that above boilup rates of 
2f500 ml/hr. (e.g. 4,000 ml/hr corresponding to Re_ = 32 and 
Ta a 10,750) the reflux film is rippling. There is much experi­ 
mental evidence for mass transfer increase in liquid phase controlled 
systems in rippling film flow as compared with laminar film flow. 
Smmert and Pigford (61) studied absorption and desorption of C02 
and Op in water, conducting their experiments with and without 
surface active agents. Itypical results were: oxygen-vrater at 
Re. ,v 250, no rippling H_ = 5. 7 | rippling H_ = 2.0: 
carbondioxide-water, Re. rv 200, no rippling H = 4.5j rippling 
H_= 1 .0. Other similar mass transfer increases were reported by 
Kamei and Dishi (62) and Brauer (63) v?ho obtained 125f^ increase in
mass transfer at Re_ * 40 and 220^ increase at Re_ = 60. These
L L
increases due to rippling are only in partial agreement with those 
estimated/
84.
estimated from an expression derived by Ruckenstein (64) who pre­ 
dicted an increase of 130/« in mass transfer at both Re^ » 40 and
Re, = 60. On the other hand, PortalsJd. (65) concludes from a
3V theoretical study of rippling films that at wavelengths 4*
•"^fV— '. '
^4» ••• etc,, separation of the liquid occurs on account of the 
thin film which results in the formation of eddies. In a liquid 
phase controlled system^ the estimated increase in mass transfer 
(i.e. reduction in JHL) is probably greater than the above experi­ 
mental data suggests* For most of the conditions of operation, 
assumption C is therefore invalid. But at the lowest boilup 
investigated (Re,. = 20) and lowest and intermediate rotor speeds, 
the reflux flow is probably laminar; assumption C will therefore 
be correct for those conditions.
Assumption D?9f a numerical value for the ratio of vapour 
and liquid phase resistances. This numerical value will change 
with the operating conditions as the effective liquid diffusivity 
D* will alter as the mass transfer in the liquid is improved by 
increased rippling at the higher boilup rates. At the lowest 
boilup rate, however, it should be possible to predict EL from 
Westhaver equation 5*3 provided the value of liquid diffusivity is 
known. Unfortunately, both for the two test-mixtures used in the 
present series of experiments and also for many other test-mixtures 
no values of the liquid diffusivity have been determined experimentally 
at their boiling-points. ^or the test-mixture 2.2.4 trimethylpentane 
methylcyclohexane V.'illingham et al (4) quote a value of
— C p
D- » 5*0 x 10 cm/sec. No reference is given. \.ilke and
Pin Chang (66) present an empirical relation based on Gyring theory
and the Stokes-Einstein relation:
V
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8 "°DT = 7.4 x 10 w 0.6 L VM
Where comparison is possible, an average deviation between 
calculated and experimentally determined values may be made as 
follows. The molal volume, Vw , may be estimated by the method of 
atomic contributions of Le Bas (68). Kamal and Canjar (67) have 
developed a more fundamental relation, which involves the ratio of 
the occupied volume per molecule to the total volume per molecule
( o/l;). They recommend this ratio be accurately determined as 
described by Collins and Navidi (78) from measurements of velocity 
Of sound in the medium. They found a mean deviation not greater 
than 10^ between predicted and experimental values for various 
systems. fiutchison (69) examined the systems acetone-benzene, 
chloroform-benzene and chlorobenzene-benzene at different temperatures, 
His comparison of the estimated and measured values of DT using
L
Kamal and Canjar's method for these systems gave predictions such 
that the experimental values were between 10£J-70^ high.
In the absence of values of the ratio (^b/v) from velocity 
of sound measurements only the method of \7ilke and Pin Chang is used
to estimate D_ for the test-mixture. Values of D_ predicted byL Li
this relation for the test-mixture 2,2,4 trimethylpentane-
-5 2 methylcyclohexane is D » 4.4 x 10 cm /sec at infinite dilution,
or D s 4.6 x 10~ cm /aec at 0.2 mole fraction. This method of 
estimation for a particular 2 component system is extremely 




It whould then in principle be possible to obtain an absolute 
estimate/
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estimate of the column performance for a given set of operating
conditions by means of
Assumption E, I i) an absolute value of the vapour diffusivity
ii) the function f (Sc) in equation 5.1 or 5.2 
iii) a value of the constant of proportionality in
equation 5«2. 
Assumptions C and D may be excluded, and H determined as follows:
BL can be deduced from equation 5«2 as i) and ii) and iii) 
are known from experiments with vapour-side controlled systems. 
The effective diffusivity of the rippling film can then be deduced 
from observations of the variation of column performance vdth rotor 
speed or boilup rate in the neighbourhood of the relevant operating 
conditions. This value of effective diffusivity could then be used 
to predict H- for the required conditions of operation, hence the 
height equivalent to a theoretical plate H_ = 3rL + tL.. 
5.2.3.1 Vapour diffusivities
Although there are more experimental determinations and 
correlations available for vapour diffusivities, no data are avail­ 
able for many binary pairs used as test mixtures. This being the 
case, it is necessary to resort to the use of various methods of 
prediction from physical and thermodynamic properties. Gilliland 
(70) presented a correlation based on classical kinetic theory 
assuming molecules behave as hard spheres:
M + M
D « 0.0043 1 2 
V
Arnold (?1) presented a similar correlation which included the 




where & is the Sutherland constant
fe-
and C. and £ may be estimated from the boiling temperature
C = 1.47 Tb
for a Td.de range of binary pairs, the correlation of Gilliland gives 
an average deviation of 16^, although (as with the correlations 
used for determining liquid diffusivities) the difference for an 
individual binary system between experimental and predicted values 
may be considerably greater. Arnold f s correction factor reduced 
this average deviation between experimental and theoretical values 
to 1($.
Modern kinetic theory attempts to account for attractive 
and repulsive forces between molecules. A common potential 
function is the Lennard Jones (6-12) function used for non-polar 
molecules:
j ,- r/ift12 tZ^-i * 4 £ lAr; - (r/ Jr Nr
and r the distance between molecular centres. The force-constants 
a* and ^ are properties of the molecular species. Hirschfelder, 
Curtis and Bird (72) have developed an approximate relation for 
vapour diffusivity:




where cr is the arithmetic mean of the force-constants cr^ and 
and #is the collision integral, values of which have been
Tic tabulated by Hirschf elder (73) as a function of (— ), ^iiere
is the geometric mean (^ 12 = \& A 6 2^ of * \ and ^2*
For many simple molecules, values of 6 and cr have been 
determined from experimental viscosity data. These values of 
and cr can thenbe used for estimating 3X_. Good agreement is obtained 
between the experimental and theoretical values in many cases. 
However, for the test mixture components under consideration, no 
experimental viscosity data are available, and it is necessary then 
to estimate values of the force constants from approximate relations 
with the critical constants (74):
| = 0.77 To
and cr = 0.833 Vo
Hirschf elder emphasises that these tro relations given above and 
other similar relations are no more than rough estimates. Thodos 
and Stiel (75) developed relations which they claimed were more 
accurate, while Tilke and Lee (76) replaced the constant term 
(0,001858) in equation 5»5 by an empirical function of molecular 
weights, and in the absence of viscosity data estimated the force 
constants from molal volumes and boiling temperatures. Recently, 
Chen and Othmer (77) have presented a generalised correlation for 
vapour diffusivity from the critical data. In addition to 
presenting more complex relations for the force constants in terms 
of critical data they developed an expression for the collision 
inteeral -fi^ in terms of the force constants. A. mean deviation 
of Jf between experimental and predicted values was claimed, although 
in a particular case, this may be considerably greater. 
Although/
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Although critical data have been measured for n heptane and 
2,2.4 trimethylpentane, they have not for methylcyclohexane, and 
must be estimated. This introduces further uncertainty into the 
estimation of DV. Values of critical data used are those givon in 
Chapter III on p^o. Diffusivity valuesibr n-heptane-methylcyclo- 
hexane are given in the table below:
Table 5.1
2Values of D (cm /sec) Correlation
3.9 x 1<T2 Gilliland (70)
1.4 x 10"2 Arnold (71)
3.4 x 10~2 flirschfelder (72)
2.4 x 10*2 Wilke and Lee (76)
3.1 x 10""2 Chen and Othmer (77)
This variation demonstrates the wide range which results from using 
different correlations. In the absence of the necessary experimental 
data for values of D__ or experimental values of viscosity variation 
with temperature to enable the force constants to be determined (or 
at the very least, critical data of methylcyclohexane) the method
of Chen (77) is recommended. For the test-mixture of
2 2.2.4 trimethylpentane-methylcyclohexane a value of D = 0.029 cm /sec
was calculated.
In addition to the uncertainty of the vapour diffusivity 
values, the relation between HL. and Sc ( and hence between H... and 
DV ) is unknom when the vapour flow is laminar + vortex. The 
function f(Sc) would require to be determined either from mass or 
heat transfer data varying either Sc or Pr. It would, also be 
possible from such experiments to determine a value for the constant 
in equation 5*2 which also is unknown.
w
90.
In the present experimental work, it has been possible to 
obtain an absolute estimate of column performance by a graphical 
solution of this problem (inference III), details of which are given 
later. A corollary of Inference III is that if Assumptions A-3 are 
correct, it will be possible to predict the absolute values of :L 
and H_- and obtain an absolute estimate of column performance in the 
absence of experimental data. 
5.2.4 Inference IV
The ^esthaver-Shahbenderian-Flower treatment also predicts 
how a column performance (in terms of no. of theoretical plates) 
idll depend on the column dimensions. In the absence of liquid- 
side resistance and using the same test-mixture (and hence same 
f(Sc)) the following relation is deducible from equation 5»2:
\ 0.5 /_ , 0.25 / * 0.252 
< ^ J 1
where the subscripts 1 and 2 refer to the columns 1 and 2 respectively. 
In addition, if experiments are conducted for identical values of
He and Tu this reduces to:
0.25
A second, more complex form of relation is obtained if
maximum weight is given to liquid side resistance as in Inference II
provided assumptions C and D are correct.
5.3 Experimental results Column II
Two sets of experiments weivconducted with column Hi 
a) operating as a rotary concentric tube column with no







































b) with sweeping wires attached to the rotor so that a major 
portion of the reflux was stirred when the rotor was turned. 
With condition b) it is possible that Assumption A - constant 
interfacial area - may be invalidated, 
5.3.1 Experiments without sweeping wires
Preliminary experiments were conducted at rotor speeds of 
1,000 and 1,470 rpm* over a boilup rate range 2,500 - 8,000 ml/hr. 
The large scatter from these data confirmed subsequent findings 
that the stillpot had been inadequately larged which resulted in 
varying heat losses from day to day and the simple on-off control 
system (described in Chapter IV ) was not functioning correctly* 
After these faults were corrected, a further set of experiments vras 
conducted,
These principal experiments were performed over the ranges
2,500 < Q < 10,000 ml/hr. and 850 < n <: 1,900 rpm, Assuming
2 a value of \)v * 0,0306 cm /seo., these corresponded to
278 < Re^ 1,110 and 7,240 < Ta ^ 16,150. The experimental
accuracy of these results was estimated to be not Tiorse than - 0.3 
theoretical plates as determined by drum-reading Abbe refractoraeter. 
The results are shown in Pig, 5,1 opposite. Pig. 5.2 shows the 
expected variation of H with at the three Ta values if the vapour 
phase was controlling.
Comparison of these two figures immediately makes obvious: 
i) there is no indication that the lines meet on the 
axis H B 0, There is therefore no justification for assuming that
ii) H Jf Q, because the lines do not all meet at the origin, 
On assumptions A and B (constant interfacial area and L + V motion 
in the vapour phase) the mass transfer is not therefore controlled 




















These t«o conclusions are drawn from Inference I. further 
consideration of Fig. 5«1 sho^s (inference II):
iii) the shape of these curves cannot be explained with the 
aid of assumptions C and D (laminar flow of reflux film and a 
numerical ratio between vapour and liquid resistances respectively). 
The curves show H is less dependent on boilup rate than would be 
predicted by vapour-phase resistance alone. The addition of a 
laminar film liquid phase resistance to vapour-phase resistance 
would cause the overall H [H =5 (IL.) •*• (H, ), ] to increase more 
rapidly with boilup rate. This is because (H-)., oC Q VL, and 
WL oCQ//1 | hence (SC « *•
iv) By a graphical solution of the problem outlined in 
5»2.3f an absolute estimate of column performance may be obtained, 
by assuming a value of f(Sc) and apparent liquid diffueivity 
obtained from measurements of variation of H with Ta. This 
graphical solution is shown in Fig, 5»3 which results from super­
imposing Figs. 5«1 and 5«2« The slopes of the constructed lines
0 5 pass through the origin-. ere such that S . : S : S as Ta, **:
Q c OR 
Ta * : Ta. * • This determines the relative slopes of these
lines, but not their actual slopes, which were fixed by trial and 
error such that, at a given boilup rate, the distances between each 
experimental line and corresponding constructed line were equal, 
These three vertical distances, are the values of IL at the three Ta 
and a fixed boilup rate. This graphical solution gave the follovdng 
positions of the constructed lines:
at Ta = 7,240 (0,0) and (H = 18.0 Re = 1,110) 
10,750 (0,0) and (H = 12h ,7 Re = 1,110) 














This construction gives reasonable agreement of 
and (lO- values at a given He within the limits of experimental 
error. The value of IL. decreases monotonically with boilup rate. 
The apparent convergence of the experimental curves at low boilup 
rate is now seen to be a result of the convergence of the constructed 
H^ lines at the origin.
If we assume that the reflux film was laminar at the lo.vest
boilup rate of C * 2,500 ml/hr. (Re, «20), the liquid diffusivity
—6 ""'
is estimated from Westhaver theory to be D_ = 8*0 x 10 cmVsec *L
—e o
This differs from a value of D = 4*6 x 10 y cm /sec. using the
method of Wilke (66).
W0 conclude on the basis of these experimental data that 
i) at low boilup rates there is a substantial liquid phase
resistance which diminishes as the boilup rate is increased*
ii) This resistance is a function of the boilup rate, and
is independent of Ta.
iii)The liquid diffusivity is estimated to be
f 2DL « 8.0 x 10 cm /sec.
These conclusions are based on assumptions A and B. 
5.3*2 2acperiments with sweeping wires
A set of experiments conducted under conditions similar to 
those just described was performed with sweeping wires attached to 
the rotor. A sixth assumption F may be made: no liquid-side 
resistance is present. In contrast with the findings in the 
absence of sweeping wires, it was not possible to obtain reproducible 
results at the two lowest boilup rates of Q a 2,500 ml/nr. and 
4,000 ml/hr. Visual observation of the reflux at these wetting 
rates showed that with the wires in use the amount of reflux carried 






























stator surface. Results are plotted in Fig. 5.4 and are corrected 
for unstirred length of the stator. Stirring of the total stator 
length by the wires was not possible "because of the method of 
attachment of the -vires to the rotor. It vaas possible to estimate 
the wiped and unwiped lengths (by visual observation) as 70 cm, and 
55 cm. respectively. jcperiements vrere conducted at the end of 
this trial with the wires stirring the vapour only which confirmed 
there was no si<:nificant alteration in column performance due to the 
v.ire stirring the vapour. Comparison of Fig.s 5»1 and 5.4 chow
that:
i) Corresponding values of H tre reduced to between •%
1/ and 4 of their original values.
ii) At a iven boilup rate K increases more rapidly than
-0.5 Ta . Between Ta = 7,240 and Ta = 10,750, H varies more rapidly
-0.5 than Ta * (i.e. the column performance increases more than would
be expected from esthaver/Shahbenderian/Flower theory on the basis 
of vapour phase controlling only), diile between Ta = 10,750 and 
Ta = 10,150 there is roughly a square-root dependence between H and
iii) The lines of II ^f '_ for different values of Ta do not 
meet at the origin,
Neither of these last two observations is consistent with 
the assumptions Af B and P. It is most unlikely that F (no liquid 
side resistance) is incorrect for operating conditions with the 
sweeping wires. .. reasonable hypothesis is that assumption is 
false and the interfacial area is increased by the action of the 
wires. Observations of the swept reflux film described in section 
4«2.9 of Chapter IV support this hypothesis. At Ta = 7,240, 
turbulent liquid .,-as observed 8urrourL.i.i, each -ire, hile at
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Ta = 10,750 fine babbles v/ere seen surrounding each vdre. increasing 
the rotor speed further caused this bubble entrainment to become more 
vigorous. It is therefore likely that assumption A is false for 
these operating conditions and the results of the sleeping wire 
experiments cannot be taken at their face value. At given Ta, the 
flatness or the curve shows that the interfacial area increases with 
boilup rate. In a simple qualitative sense this seems r ble 
as at greater boilup rate there is more liquid film in r/hich vapour 
can be entrained, and also there is more vapour (because of the 
greater vapour rate) available. Although iiatterson observed no 
improvement in column performance for his distillation column at 
1,470 rpm. (fron which one may conclude that there was no liquid 
side resistance or interfacial area increase when the wires wore 
used) his vires were moving at a lower speed, -which pro-^jlj -,;us 
insufficient to cause appreciable surface area increase.
The alternative hypothesis is that assumption B - laninar + 
vortex flow in the vapour phase - is false. On this hy otbesis 
the vapour flow is turbulent + vortex. The sweeping vdre experi­ 
ments are the only source of information about K_. and have to be 
taken at their face value. n ho improvement in s eparati)- ,;,7cr 
obtained vdth the wires is due to the abolition of a very larne 
liquid-side resistance. If this is so, comparison of Idg. %3
and 5»4 shows that IL increases vdth Re at constant Ta but decreases
with increasing Ta at constant ReT • This means that rotorLI
windage is more effective in stirring the film than rippling. 
However, experimental and theoretical ,vork previously i >rrod to in 
Section 5»2.2 shows that rippling will substantially i. _ ̂ *zc liquid 
phase mass transfer. On this basis, it i^ __ _ .t the 
hypothesis previously proponod, --/herein IL does not vary .t 
constant/
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constant Re~» and reduces as Re increases at constant Ta, in correct f 
Alfio, as already suggested, it is highly probable that assumption A 
is invalid for the sweeping wire experiments and so they canuot be 
taken at their face value.
To conclude, then, hypothesis I, that of laminar + vortex 
vapour motion in the column -with liquid phase resistance wnich
decreases v/ith increasing He , provides an absolute estimate oi' thev
performance of column II in terns of the "'esthaver/Shahberiuerian/
Flower theory.
5»4 Experimental results Column I.
Experiments were conducted -with the inner cylinder stationary 
and rotating. Preliminary experiments were conducted vdth n- 
heptane-methylcyclohexane as test-mixture. This mixture was Intel- 
replaced vdth 2,2.4 trimetliylpentaiie-methylcyclohexane for reasons 
£,iven in Chapter IV,
During the operation of this column it was observed that 
boilup rates resulting fron a £iven power input as measured by the 
rate-meter at the base of the column varied in spite of precautions 
taken to minimise draughts and prevent heat loss. Typically, a 
power input of 50 watts was necessary to maintain a boilup rate in 
the region of 300 ml/hr. Calculations, however, showed that only 
30 watts were used to vaporize the mixture and 20 watts were lost. 
This means that the leat lo; s rras comparable in size with the not 
power supplied to the test-mixture, so any small variation in 
ambient conditions affected the boilup rate appreciably. This is 
thou ght to be a principal cause of experimental scatter of the 
results obtained with this column,
On/
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On two occasions -here t 1 , ... .'.is 
impossible to reach thermal erailibriun -.vith the thermistor and 
thermocouple pairs as described in Chapter IV. Under such con­ 
ditions, it was subsequently found that there was a net flow of 
heat radially into the column one -^normally lov; values of 
separating power were observed. After the first occurrence, this 
fault was cured by the insertion of a thermal resistance in the 
air gap between the copper jacket supporting the column and the 
outside :vall of the stator, A later recurrence of this phenomenon 
was cured by replacing some of the asbestos thermal resistance 
which had not been inserted in the sap. 
5«A«1 Results with stationary inner cylinder
With the n-heptane-aetliylcyclohexane mixture, results v/ere 
obtained with a power input to the stillpot heater of 50 watts 
flhich corresponded to a boilup rate range of tySO - 500 ml/hr. The 
importance of boilup rate measurements as distinct from pov.rer input 
measurements was not realised at this stage and consequently only 
a few check determinations of the reflux return rate by boilup ;^ *ui 
were made.
As no precautions rrere taken to ensure even reflux division 
between inner and outer cylinders results may be expected to fall 
between the limits predicted by the Vesthaver equations for one ,-uid 
both walls wetted. Values of K varied from 2.7^ cm. to 4.5^ CLU 
-,.hen the column was preflooded. The limiting values predict . j 
the "'e^thaver equation were 3*23 - 9.8 cm. The be lues of
in£ power were th — ^.-^ j--- ji ^^-.--,-, .,-, '••,-ted, a
'V = 0.031 cm /sec.
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The few remaining results which were obtained using 
2.2»4 triiaethylpentane/I-lethylcyclohexane clo not contradict
oTfesthaver theory assuming ft = 0.029 cm /sec.
5»4«2 Further inferences from .vesthaver-Shahbenderian theory v/ith 
inner cylinder rotating.
In the absence of liquid-side resistance Inference IV 
predicts the effect of altering column dimensions* Under 
certain circumstances, if liquid side resistance is present in 
one column, altering the dimensions may alter the amount of the 
liquid side resistance for given Be,, and la. For example in 
Column II at the lowest boilup rate of £ = 2,500 m3/hr. which 
corresponds ';o li-e-r = 20, there is a substantial liquid phase 
resistance found, Visual examination of the reflux stream at 
this wetting rate shows no evidence of rippling. fJMs lack of 
rippling is confirmed by a prediction of Portalsid.. However, 
Matterson has shown that there is negligible liquid side resistance 
in Column I c..t similar values of Re, (corresponding to 
Q x 600 nd/hr.), from his sweeping wire experiments. The 
effect of vapour drag on the liquid surface in Column II is 
thus negligible at He, = 20 but is appreciable in Column I 
causing mixing of the reflux film and consequent lowering of 
IL. This reasoning; can be extended as follows.
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5«4»2.1 Variation of H_ vi^. column size*
In Column II we observe that I-L decreases as the boilup rate 
increases. This is in contradiction to simple Vesthaver theory 
which predicts that:
The observed relation is therefore due to the interaction of v^our 
and liquid streams which is by the shear stress T at the intcr- 
faaa. Ccmaider tha operatic* af columns 1 aad 2 at RaT*280 (ReL*20). 
Under thaaa condition! tha reepeotiwe boil-up ratea will aa: Q^OO , 
Q|»2t3Qaml/hr» Tha Nusselt equation for tha thickness af a falling 
liquid film in tha absence af shaar at. tha fraa turfaaat
\ 
>/
ahawa that tha raapaotira rafluz thiaknoaaas would aa 
aqual if tha upward flow af vapour had ma off oat on the moan aatioa 
af tha liquid. Om this aa§ia, at a ciraa RaL (amd R«T) tha intarfaoial 
ahaar ttrasa would aet on filat of approzimataly aqual thiekmasa.
At a ilT«B RoT it it oloar that tha iatarfaaial shear itroas im 
Coluan 1 will aa hifhar (as a result af tha higher vapour releoity) 
than tbat in Column 2* It is possible that tha off oot on tho aotioa 
af tha reflux will aa such that tha value af H^ in the small column 
will bo substantially reduced and tho value in tha largo column bo 
relatively unaffected*
It ia reasonable ta assume that, where tho surface velocity of tho 
liquid ia Tory small compared with tho moan vapour velocity, tho 
interfaaial shear, T, can bo taken to depend on fv »/4V,Hy »J>»'; *amd u 
alamo* Application of the TT -thereon
f
Aa the oompariaon ia between columns which are gaametrioally
. 
similar the term /r may ba omitted. The preasure-drop data of
flower (22) have ahown that tha effect of changes af Ta an tho 
interfaoial ahaar atroaa ia snail whan tha gaa flaw regime ia lamimaiH- 
vortox* Hamoos
Thia aooerds with tho experimental findings im Column 2 that H, ia
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independent of Ta, but varies with Ro^. On thoaa provisional
assumptions, comparison of shear atroaaoa in columns
1 and 2 at tho same Re_ gives:
I-
but at the give* B*v
Although tao font of relation botwoon H^ and ̂  ia not known, it 
aooaa raaaoaablo to auppoao that tho graator ahoar atroaa in Column 1 
will aava a treater offoot in rodueiag H^ than it will in Column 2 
at tho sano lo •
Thii hypothoaia ia eonaiatont with tho roaulta of Mattorson, who 
found no liquioVaido roaistanoo in Coluan 1 fron hit
experiments, and with the visual obsorvationa of Column 2 in tho 
present study, which showed there waa no rippling or disturbance of tho 
liquid film attributable to tho vapour flaw at tho same Re . A 
substantial liquid~side resistance may therefore bo presumed to hare 
boon present in Column 2, at loaat under some conditions of operation. 
In tho absence of liquid-side roaiatanoo in Column 1, HSTP will vary 
inversely aa tho squafevlf rotor sppod and directly with boil-up rate 
aa predicted from Inference 1, Assumptions A and B are certainly 






























5.4.3 Results for column I with inner cylinder rotating
For the majority of the initial experiments, which ere con­ 
ducted using n-heptane-methylcyclohexane, the jacket heaters . _-<j 
not correctly controlled by the thermistor and thermocouple pairs, 
and there was radial flow of heat into the column. All these 
experiments were conducted in the boilup rate range 550 - 650 ml/hr. 
at rotor speeds varying between 650 - 2,260 rpm. These corresponded
to 230 -C He < 275 and 340 CTa ^ 1,180 assuming \JV = 0.031
2cm /sec. The scatter of these results was very large and was more
than sufficient to mask any expected variation of "i.E.T.P. with Ta. 
Using 2.2,4 trimethylpentane methylcyclchexane test mixture 
values of separating power were obtained in the boilup ran;>e
250 - 850 ml/hr. and rotor speeds were varied between 6?0 - 2,^50 rpm,
2Assuming Vv = 0.031 era /sec these ranges correspond to
106 C He < 360 and 350 < Tc < 1,490. Some of these results, 
including the majority of those at 6?0 rpm. rotor speed were 
obtained when there was radial heat flow into the column, as 
described above. Comparison of these ?dth those obtained under 
adiabatic conditions, shows the scatter was reduced and values of 
separating power were higher for the latter condition.
Results obtained for adiabatic conditions are shown opposite 
in Fig. 5.6. In spite of the numerous minor improvements made to 
the column (such as supplying power from a constant-voltae trans­ 
former and controlling condenser coolant flov;) which are described 
in detail in Chapter IV, the scatter is large. Much of this 
scatter can be attributed to the heat loss from the stillpot heater 
being comparable in magnitude with the net power input to the still- 
pot contents. The following points can be noted:
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i) The scatter is much greater than was observed ,--i
• * >
column II,
ii) For a _iven Rev there is no apparent dependence of I: 
upon Ta.
iii) \t the highest boilup rates, values of II at ?a = 1,490 
are less (i.e. column performance is better) than predicted from 
column II on the basis of controlling vapour phase resistance.
It is doubtful whether the three results at Ta = 350 can be 
taken at their face value. Visual observation of the rotor using 
stroboscopic light showed its notion to be eccentric at n = 670 rpm. 
This eccentric motion was not apparent at higher rotor speeds of 
1,470 - 2,850 rpm. It seems doubtful, therefore, '.jhether the vapour 
motion at this low speed was laminar + vortex; there may well hr.vo 
been additional vapour mixing. The speeds of 1,470 and 2,650 rpii. 
were obtained using mains power supply, and they appeared constant. 
The other speeds of 6)20 and 2,000 rpm. were obtained with the VL.--.- 
able frequency generator. This performed smoothly at the high speed 
(which gave regular and smooth running at n = 2,000 rpm.) but did 
not at the lowest speed.
The large scatter present in the remaining results is suf­ 
ficient to mask the expected variation of H ct (Ta)" * J . However, 
results at Ta = 1,490 are slightly better than predicted (i.e. fcfc 
is less than predicted) while those at Ta = 770 are much better than 
predicted. This suggests either i) that the positions of the 
theoretical curves are incorrect or
ii) measured values of the 
rate rxe too high.
5.4-V
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5 .4*4 Heat loss from Column I
When thermal balance waa attained between the thermistor 
and thermocouples in the lower and middle sections, it was seldom 
possible to get thermal balance in the top section. Although the 
heating jacket was in three sections, these sections heated a copper 
jacket which was able to conduct heat axially. If the supply of 
heat to the top section was increased, some of this additional heat 
was also supplied to the lower and middle sections, thereby 
destroying the thermal balance in these sections.
Measurement of li uid rates at the top and. bottom of the column 
confirmed this heat loss. Typically, for a boilup rate of 500 ml/hi'. 
as measured by the boilup meter at the bottom of the column, the 
distillate rate was only 50 ml/hr. This means that there was 
progressive condensation occurring in the top section of the column 
which vail result in an abnormally high number of theoretical 
plates per unit length in this region. The following calculation 
will make this clear.
Let the distillation column operate as shown opposite, in 
Fig. 5»7« Let the number of theoretical plates in the adiabatic 
length 1. be N A , and in the non auiabatic length 1 be N . InA A JD 13
addition let the boilup rate at the bottom of the column be 3_
L
at the top be n •
Along the (non adiabatic) length L, the mean boilup rate
M 2 




Heat loss effects in Column 1
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and the required separating ----- r
>^ N s N A B
C A 1
Consider a typical case
N = 30 plates, QT = 500 ml/to. Q_ = 50 ml/hi- B L i
now: N 1 ..,
U — Jj ^i
but HA
NA V
assume 1 = 50 CBU, 1 = 10 en, A B
but N = N, •*- N_ = 1.3^4 N,
£i A Jo A
, N, = 22.0 
A
hence Nn = 22.0 x (j
a 26*4 plates 
This means the corrected, value of H.'l.T.P. Trill be H.. s? 2.30 cm,
V
instead of K, = 2.00 cm. If the length over iwhich condensation 
occurs is greater, naturally the corrected value of K vd.ll be cvon 
greater. For 1 = 40 cm, 1_ = 20 cm. (viiich is the wo:\st "soccibleA ij
case for column I) the corrected value of IL. = 2.54 cm.
This calculation shov/s clearly that the measured values of It. 




To conclude, the results from column I are not in ' i-eenent 
with the predictions of the "Testhaver/Shahoenderian/^10'761' ^-ecry 
from column II when the follovring restrictions are noted;
i) The few results at low Ta (Ta = 350) are unreliable
ii) The scatter of the remaining results is ^reat onourh to 
mask the expected variation or H with Ta.
iii) The absolute vrluos of II as measured are too lo->v because 
of heat loss from the top of trie colunn. 
5.5 Results of 'Yillin.; -ham et al,
The results of ."illingham et al. (4) are shown in Fi£. 2,6 
and have been discussed in Chapter II. .^cceptin^ the values of 
R- estimated from column II results, there is no liquid side 
resistance at Ta = 940 (n = 4,000). At Ta = 635, K, i
approximately constant (l^, /^ 0.5 cm.) over the boilup range, JiileL
at Ta = 400, liquid phase control predominates with H.. varying from 
0.8 < H^ < 3.2 cm. and 2.6 < !L ^ 4.5 cm. This variation of 
JL v/lth Ta and not with lie contradict the results from column II
where H, is constant with Ta and decreases with He . From L L
equation 5*7,^ for this column is much greater than for column II 
at comparable Re,, so no licuid phase resistance v/ould be errpectocl. 
However, geometrical similarity is assumed in the analysis v/iiich is 
not the case here - for ..^lin^iam et al. r = 0.029 v-iiich is 
about o times less than the present 'r = . .^-1 . It is thciviore 
possible that PL will be a function of Ta rather 'than I;c . - -1- 
culation of effective liquid dii'fusivity from the greatest I.L. = 4.5 cm «
,»t " a 2,000 ml/hr., Ta = 400 cives D_ = 3 x 10 cm2 sec. Tiiic isL
in close agreement with the value 01 ... estimated from the present
L
-i the liquid film was considered laminar. It ~^,..., .,.._ 
however/
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hoover, that under the conditions ; = 2,00. ..J/hr. and ?a = 400 
tor TTillinghaa^s column the liquid flow should be laminar bearing 
in mind the hi^h vapour velocity. It is more likely that at lorc 
values of Ta (Ta 4 400) and boilup rate --here the forci of " tion 
between H.K.T.". and Tie is •^l^^i-ent from that at hi her ?a there 
was a basic fault in the operation of their column w^.ich ^ives rise
to apparently high values of IL, but there is no apparent reason v,iiyLI




In Chapter I, the purposes of the general programme of work 
were stated to "be:
a) to put the practical design of rotary concentric tube 
fractionating columns on a rational basis to enable the scope and 
limitations of this type of column to be assessed,
b) to examine the applicability (to this particular case) 
Of general theories of mass transfer and distillation. 
6»2» Results from the present investigation
The experimental findings of the present investigation 
have been compared with inferences drawn from the '.Vesthaver/ 
Shahbenderian/Flower theory, which itself is based on classical 
steady-state mass transfer theory* This comparison has shown that 
the results are not in disagreement vclth these inferences and hence 
it is reasonable to suppose that general mass transfer theory is 
applicable in this particular case. Moreover, this comparison has 
helped to put the design of such columns on a rational basis. 
6.3. Column 2 results
In particular, a significant liquid side resistance to 
mass transfer has been found to exist under operating conditions 
studied in Column 2. Attempts to determine values of IL by com-
L
parison of column performance vdth the reflux stirred by sweeping 
wires (attached to the rotor) and normal reflux for corresponding 
Re^. and Ta were unsuccessful, apparently because one of the 
assumptions, namely that of constant interfacial area, was no longer 
true in this case; it is believed that the sweeping wires inoreased 
the interfacial area by an unknov.-n amount. 
However f/
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However, it was possible to determine the relative pro­ 
portions of H and H_ over the range of He and Ta by graphical
methods. The method used indicates that if the variation of H isv
as predicted from Y/esthaver/Shahbenderian/Flower theory, viz.: 
H^ a (Ta) * and K a Re t assuming laminar + vortex flow regime in 
the annular gap, then H. decreases with increasing Re anc. is sub­ 
stantially independent of Ta. This variation of liquid side 
conductance is not in disagreement with other mass transfer findings 
(61,63) with a rippling film of liquid. 
6.4* Column 1 results.
There is good reason to suppose that liquid side resistance 
in the smaller distillation column was negligible over the range of 
conditions studied, both from experimental v<ork performed by 
Matteraon with and without reflux stirred by wires and from a 
dimensional analysis of this problem which shows the effect of 
vapour drag to be much greater in Column 1 than in Column 2« It 
is thus possible to predict values of H , and hence the separating 
power, for the small column from K. values for Column 2 obtained 
from the graphical solution referred to in 6.3 by means of the 
dimensional predictions of the theory.
Apart from the very few results conducted at the lowest Ta 
which are suspect on account of the observed irregular notion at a 
rotor speed of 670 rpm., results from the small column show no 
dependence of H with Ta and some values of H are significantly 
lower (i.e. the separating power is better) than values predicted 
in themanner described above. However, the experimental scatter of 
these values is so large as to mask completely the expectation that 
H a (Ta) '* over the relevant ran,;« of operating conditions. 
Moreover,/
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Moreover, heat losses from the upper part of the column were 
appreciable, and as the calculation in 5.4.4 sho'-vs, could be 
sufficient to account for the apparent improvement on theory• 
Taking into account these peculiarities, it is most likely that 
these experimental values are not in disagreement with ."osthaver/ 
Shahbenderian/Flower theory. The excessive scatter is a consequence 
of the heat loss from the stillpot beia-; comparable with the net 
heat input to the pot contents. 
6.5 Comparison of column 1 and Column 2 results
The principal difference between the results from the two 
columns is that a substantial liquid side resistance is present in 
column 2 which is entirely absent in colu:nn 1. Tor a given Re 
(and hence KeT ) the behaviour of the liquid film of reflux inL
Column 2 is approximately what would be expected in the absence of 
the upward motion of the vapour, while in column 1 for the same 
He the effect of vapour motion is much greater. This is due to 
the much greater vapour velocity in the narrorrer gap: for a given 
Re ,u a (b)~ . 
6.6. Practical uses of these columns
These columns are of interest in the separation of close 
boiling materials on account of their high separating power and very 
low hoiiup and pressure drop. Typical values of separating power 
for column 1 -are of the order of 35 plates/metre at rotor speed of 
c. 3vOO rpm. and boilup rate of 500 ml/hr, and for column 2 a 
separating power of c. 6 plates/metre at the hirhest rotor speed 
investigated at 1900 rpm. and boilup rate of 14,000 ml/hr. '\7ith 
the sweeping wires attached the separating power of column 2 is 
increased fourfold to 23 plates/metre for the same boilup rate and 
rotor speed. In addition, with the sweeping wires attached, the 
separating/
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separating power is relatively insensitive to changes in boilup 
rate: thus at 6000 inl/hr (and 1900 rpm.) the separating power has 
risen to only 27 plates/metre, an increase of 15', compared, with the 
drop in boilup rate to 50/' of its original value. Because of the 
greatly enhanced performance owing to the presumed increase in 
interfacial area, it is therefore worth operating this column with 
sweeping wires attached to the rotor, 
6.7» Suggestions for further work 
6.7.1* Determination of physical properties
There is lack of information on physical properties of the 
test mixture used in the present investigation. Values of Taf 
Re and Re are not accurately known because of the absence of 
reliable data on $T and V? , the liquid and vapour kinenatic vis-
u V
cosities. In addition, it is not possible even to estimate with 
any degree of certainty values of vapour and liquid diffusivities,
D and D (particularly the latter) from existing correlations 
T L
because of the absence of data on physical properties. Ho values
of D and IL have been experimentally determined. It is therefore 
v L
necessary to devise a programme of work to determine vapour and 
liquid densities and viscosities at the boiling point of the test- 
mixture. Values of Ta, Ke ana Re. could then be accurately cal­ 
culated. Variation of vapour viscosity with temperature could be 
used to determine the Lennard-Jones force Constantsa to provide a 
more reliable estimate of vapour -iffusivity, ke^surencnts of the 
velocity of sound in the liquid as described by Collins and 
Neviii (78) oould then be used in Kainal's (67) method for estimating
D . These estimated values of D and D should then be compared L v LJ
with experimentally determined values which are also required, 
6.I.2./
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6.7.2. Investigation of column performance under vacuum
Rotary concentric tube fractionating columns would appear 
attractive for separation at reduced pressure on account of their 
low pressure drop. However, as Zuiderweg (79) has shown for
wetted wall columns H will remain relatively unchanged as thev
pressure is reuuced for a given throughput while the liquid-side 
resistance IL will increase. Moreover, the vapour-siu.e resistance 
will be less affected by the Ta in the present rotary type of 
column at reduced pressure. It is thus worth investigating the 
altered dependence of H on the operating variables at reduced 
pressure, using similar boilup rates and rotor speeds already used 
in Column 2 in the present atmospheric work. Sxperiments with 
sweeping wires should also be conducted, to see whether there is 
an enhancement in column performance similar to that obtained at 
atmospheric pressure in the present work. A recommended test 
mixture, suggested in Chapter III is n-decane/transdecalin which 
at a convenient operating pressure of 100 mmllg has relative 
volatility a = 1.30$ and could therefore be used for columns with 
separatin^ power of up to 20 theoretical plates, assuming stillpot 




Derivation of H.2.T.P. for the concentric tube distillation 
column^ with one wall wetted and stationary inner cylinder* 
Shahbenderian, in Appendix C of his thesis, presented an 
expression for the ii.£»T.P. for a concentric tube wetted-wall 
distillation column, when the annular gap is too large to 
permit use of the parallel plate approiiinatior. utilised by 
Westhaver in his simplified analysis. 
The expression so obtained is:
H , a
where E is a constant which is dependent on the geometry of 
the system and f(/~) is a function of r, the tube radius* 
Although it is possible to integrate this function between 
the specified limits, Shahbenderian notes that this would be 
a lengthy and tedious procedure, and instead recommends using 
a numerical solution by means of a digital computer for any 
particular case required*
The full analysis of the problem is presented below, 
then the theoretical values of H.E.T.P, so calculated are 
compared with the values of H,2»T,P» using the parallel-plate 
approximation Tor a number of examples given in the literature,
Writing a mass balance on an element of vapour gives!
Neglecting longitudinal diffusion and integrating
- (r *^ «_ </> (A2) 
J ^ T
where 0 is constant of integration,





and is the radius at -which the maximum velocity occurs. 
Substituting the expression for the velocity (A3) in (A2):
L \ ^T"~ —* ' / Jo 
'2. Al. 4-/-C I *~
At the inner vfall ir- r~
Integrating (M-) gives:
= J-
At the interface, j j < > - - - */
i / / ii
^^ (A8)
where j^ r^' ^A r
v v
The elemental volume flow dV
= yZrru
(iii)
Substituting the value for U. from equation (A^) and 
integrating:
/^W"\ r- ( " ^ ) U - (A10)
Recapitulating equation (A1) and neglecting longitudinal 
diffusion as before:
J> 
Integrating and inserting limits:
W
assuming
Now defi^B® a mass transfer coefficient K, such that
(A12)
where is the value of at the interfacey i v
The total aiolal flow, V, is: 
V - *i





and substituting (;.11) and (A1j):
(A16) 
Writing a mass balance across any section of the colurm
a-2.
where y - ——





From (A17)j y ^ _/_ £ _ /T (/^%- r*) •)V - ^




"*" ' L' (A19)
Separating variables and integrating!
(A.
which is analogous with (KTU) « (HTU)
or, assuming (liTU) « (HSTP) 
then H.S.T.P, *
_V_ 
2 Wr £ neglecting longitudinal diffusion,
H =
(T)
K T7as earlier defined by equation (A1 2) :
y, -9
By putting <~- r^ in equation (-A4), the numerator of this 
equation iss
_L f r.' _
I i, —£- '
where




Substituting the function of y (A21) gives i
(A23)
">,(r *-i ^zV1 ^
where
J_ __
U _ U -=
which is the denominator of the function for K. 
Substituting in equation (A21) and rearranging gives!
which is identical with the expression obtained by
€%oe^t fr^/
Shahbenderian «ndi B ~ (
The negative sign appears as Shahbenderian in his 
analysis dropped it in the algebra.
(vi)
Various values of H were e valuated for distillation 
columns described in the literature, and compared with the 
values obtained, usin^ the parallel plate approximation* 
Values were obtained by numerical integration of the function 
by Simpson's rule using a Jirius computer: the accuracy 
required could be specified by the programmer. In all 
cases, the correct values of H.E.T.P. were lower than those 
predicted by the simpler method. Table Al below shows the 




	 (U^ (c^ ('Jt 
I^esent construction 1.1 1*4 0.212 8,6
Donnel and Kennedy 0.62 O.?0 0,11^ 3»5
Naragon and Levds 0.33 0-;4- 0.175 6,8
HaU and Palidn 0.5 0.65 0.231 9.2
Shahbenderian 1.3 1 »^ 0.0?1 0,8
Naragon Burk et al. 0.5 0.6 0.1 6? 6«2
Appendix B
Percentage error in the determination of the number of theo- 
petical plates in a distillation column at total reflux
The number of theoretical plates, N, in a distillation 
column is often determined by the Penske equation on the 
assumption that the mixture is ideal with a constant relative 
volatility?
Assuming that a small constant error is made in the 
measurement of refractive index or density it has been shown 
( 21 ) that for a given nu-ber of plates (fixed N) using a 
particular test mixture (constant a) the error in N is least 
when the stillpot concentration **• is as far below 0»5 as
the distillate concentration is above 0,5* !•«•*
^ -«• *«. - /
This condition, while true, gives no indication of how 
the minimum value of the error in N varies with the actual 
value of N, The analysis is here extended to determine the 
variation of percent are error with the value of N, then 
proceeds to find the values of *- f and ^ , which give 
the true ndnimum values* Cases which are considered are for 
the test mixtures n-heptane-methylcyclohexane (T, = 1*075) and 
2,2,^. trimeth^'-lpentar.e (a = 1,0?^9)« Cases for determination 
of mole fraction by both density and refractive index are 
considered,
Neglecting 2nd order terms the error in determining
the number of plates £N, is!
dN ^x
(viii)
Assuming constant relative volatility and differ­ 
entiating equation (B.1) with respect to ^0 and ^ :
_ / /
Substituting in equation (B.2) gives:
Case 1 • The linear case*
The values of *o and -O are usually determined by 
a convenient analytical method, such as measurement of 
refractive index or density* In the aimples possible case, 
a lineax variation of mole fraction with the magnitude of the
property is assumed:
i.e. f> = A* + 8
= A (3.7)
cx.




For a distillation column operating -with a given 
separating power (i.e. particular N) it is possible to choose 
a value of -^ so that the percentage error in N consequent 
upon a given error in the measurement of P trill be a minimum.
Let this error in the property measurement be 
For the worst r-ossible case:
or expressed slightly differently:
(3.11)
Substituting in equation (B«5),
£A/ =
A function of the percentage error, E f may now be defined!
• £~ =
U,
Since N is fixed, the expression for £ contains one independ­ 
ent variable, t
de
Differentiating - with respect to
- (3 ^ ..
(B.15)
At a maximum or minimum: -/— — O




Numerical solution using a Sirius computer shov/s that the 
value of 3Q- to result in the pri n-i L^\m error using a particular 
test mixture to effect a particular separation^ >w :
The stillpot concentration should therefore be chosen such 
that it is as far below 0*5 as the distillate is above 0.5. 
This condition is true no matter what test mixture is chosen, 
i.e. independent of the value of a, although the magnitude of 
the error will not be the same for different test mixtures.
& K//
Calculated values of the percentage error ( /M ) are given 
in tables 1 and 11 at the end of this Appendix* 
Case 2. The quadratic case*
This case is more realistic than the simplified 
analysis given above. Both the test mixtures under con­ 










As before, to find the adniiraam value of ? for a particular 
*alue cf H, differentiate F with respect to ^ » end put 
equal to seroi <A
Differentiating eouation (B,21)|




Minimum wlueo of ( 7 M ) hate been calculated for varioua 
values of N for the test mixtures n-hept^.e^aothylcyclohexana 
and for 2,2, k tri ̂ ethylpentim^-raethylcTclohexane, and are 
tabulated in Tables III and IV at the end of this Appendix, 
These value© were calculated by rne&ns of an Autocode 
progranii-e for use with the Siriuc computer, which is shown 
in Block <&a£ram form after the tables at the end of this 
Appendix,
9m calculated values are shown in Pigs, 3,1 and 3,2, 
reproduced o: osite for convenience, ?wo facts are 
obviousi
(i) Tho difference in minimum error for the n-heptan«* 
test mixture, assuming linear, then quadratic dependence, is 
negligible, while for the 2,2,4 trimethylpentane mixture, it 
is noticeable, even though the simplification of the problem 
to the linear case, does not result in large changes of error 
at higher values of N«
It is also to be observed for the quadratic case, the 
criterion
is no longer true, but becomes
where «. is a. fraction which appears to tend to a liaiiting 
value of unity as N is increased*
(ii) The tabulated values of N and (^%/) , show that 
there is a lainimum value of ( %j) reached* When K is 
further increased , the loa^nitude starts increasing very 
slowly,





Since K is no longer fixed, we how have two independent 
variabo.es ^
differentiating with respect to ^ and -^ gives:e>F _ fi2**-oi* *y/-*i i(i+ i i - fc, *»(/-•*/.* ^//-^J L -*/'-*«.
J' 
^^ ^.IPN-o ^jt//i4 4- —/—I—4—- + —!—
->:/>
(alii)
At a maximum or rdnimum
^ o
Adding (B.23) to (B»2^), gives
P**- 0
•^(/-
which has a solution




and for 2,2,4 trimethylpentane-methylcyclohexanet
I; Numerical calculation using the Fenske equation gives 
results in clone agreement with these figures, and shows the 
shape of the surface to be a long shallow trough with a slight 
dip in the region of interest : over the range of values
0-75- > 4* > o 
the error changes by only a sraill amount*
Quadratic case#
Similar, though considerably more involved, calculations 





and at for 2,2,4 trimethylpentane- 
^ - o -?<73
_, o- t- methylcyclohexane (a * 1 •<X9)
In both these cases, the f unctional relations are 
given by .»illingham et al. ( 43 ) for determining the mole 
fraction from the refractive index data*
(xv)
Table B I 





















































































The percentage error ( /N ) is computed using values of 
= 1.5 x 10"^ A = 0.036.
Table 3 II





















































































The percenta^e error ( /N ) ±a computed, using values of 
£p = 0.75 x 10~^ A = 0.032
(xvii)
Table B III 


















































































58 0.881 0.094 2.14 
The percentage error ( "*%/ ) is computed from values of
£p = 1.5 x 10""\ A = 4.8, B « - 40.2; the values of A and B are
25 
taken from the functional relationship n^ - 1.3331 = vj.0306 -f
n
0.0048 (xf ) given by 'Jillinghajn et al (4-3 ) for the analysis by
25 o refraotive index v/here n_ « R.I. at 25 C x 1 » mole fraction of
me thylcyclohexane*
(xviii) 
Table B IV 
















































e error ( /w )












































is computed from values of
= - 43.2} as








Block diagram of computer programme
P.ead values of A and B
\
Read values of
Choose value of x
Calculate value of JiF
Is value equal to aero?
Yes
I^rint values 
of H, x , P




Experimental results from Column I.
Section I
Results from Column I using n-heptane-ciethylcyclohexane test 
mixture. Column length 1 = 61 cm. Annular gap b = 0.3 cm. ^TQ= 0.230
All refractive index measurements were made by means of an 
Abbe refractofieter at 25°C. Values of mole fraction were calculated 
from the expressions given by tfillingham et al (43 ):
n.^25 - 1.3S51 * 0.0306 x» +0.0048 (x') 2
25 where x* is the mole fraction of methylcyclohexane, i^ is the
refractive index of the mixture.
Values of N, number of theoretical plates, were then 
calculated fr m the 'Fenslce equation assuming constant a » 1«075» 
A short computer programme was written to perform these calculations. 
In Table I the upper values of refractive index and mole fraction 
refer to the stillpot samples, the lower to the distillate samples.
Values of boilup rate were measured using the boilup meter, 
except those marked with an asterisk which were estimated from the 
heat input to the stillpot.
Rotor speeds were measured with a stroboscope.
25 ii^ - refractive index
x •» mole fraction more volatile component
N - no. of theoretical plates per column length (1=6 cm)
n - rotor speed in rpm.
(xxi)
boilup rate in ml./hr. 
Table I
25
Run No* H x N n Q Remarks
	(rpm)
1 1*4169 0*09 During
1*14.062 0.38 31*4 2650 560 these runs
	i
2 1*4138 0*1? (1 - 23)
1.3572 0*62 27.7 2650 560 no
3 1*M21 0*21 thermistor
1 01/61 0.66 26*5 2250 560 balance
4 1*4158 0*12 could be
1.4007 0*53 28*1 2250 520 achieved,
5 1.4088 0*30 Wall temps.
1.3i/4S' 0.65 21.9 2250 540 high.
6 1.M40 0.17 Evidence of
1.4009 0*52 22.5 2200 595 leading
7 1 .4090 0* 30 ground £lass
1*3>>2 0.57 14*8 2200 620 joints
8 1.4091 0*29
1*3973 0.62 18*1 2200 630
v i»4lO& 0*27
1*3990 0*57 17*3 2200 625
10 1*4106 0*25
1*4029 0.46 11.9 650 610
11 1.4112 0.24
1.3S; ;7 0.55 18.1 650 620
12 1.4122 ^.21



























































































































l.'.-iL 0,51 22.1 0 475
28 1.4140 0.17
1.4050 0.41 16.1 0 480*
29 1.4142 0.16
1,3984 0.59 27.1 0 460*
30 1.4140 0.17
1.4J50 0.41 16.1 0 480
31 1.4150 0.14






























































































Results i'rom Column I using 2,2,4 triraethylpentane- 
methylcyclohexane test mixture* Column dimensions as in 
Section I* ,
Refractive index measurements wo-rc ...ade by means of 
a drum-reading Abbe refractaneter using sodium illumination 
at 25 -J* Values of mole fraction \vere calculated from an 
expression given by ."/illingham et al (4-3 ):
- 1.38901 = 0.0244 x r * 0*0072 (x1 )^ 
where x f is the mole fraction of methylcyclohexane*
As before, values of N v?3re calculated by means of 
a computer prOijra.:.:e, Relative volatility a = 1«Q49«
The independent variables were measured as before * 












































0.390 16.4 0 495
0.165
0.245 9.0 0 630
0.215
0.520 28.1 2000 495
0.195
0.540 324 2000 350
0,195
0.350 19.2 2000 820
0.185
0.435 24.4 2000 655
0.165
0.310 16.1 2000 240
0,145




0.4-25 23.1 1600 645
0.240
0.535 26.7 1600 525
0.255



















































x N n Q Kern
0.160 occ
0.350 20.5 670 500 rur.
0.160 80)
0.260 11.5 670 780
0.305
0.510 16.7 670 360
0.300 .
0.415 9.3 0 360*
0.2^0
0.365 6.1 0 650*
0.285
0.455 14.2 670 535 i!
0.1 bO j
0.325 14.0 670 680
0.190 .
0.290 10.5 670 750
0.185
0.385 20.6 670 455
0.220
0.520 27.1 670 375
o. 230 .
0.525 264 670 370
0.225
0.540 28.0 670 200
0. 205
0.400 18,3 670 200
0.205































































































1470 620 (81 - 102)
(xxviii)
Run Ho* n^ x K a Q
86 1.41336 0.195
1*40584 0.410 21.4 1470 755
8? 1.41372 0.165
1.40018 0.590 37.9 1470 440
88 1,41406 0.175
1.40406 0.465 2-7.5 1470 600
89 -1.41541 0.140
1.40406 0.465 34.6 1470 260
90 1.41015 0.285
1.3>921 0.625 28.8 1470 365
91 1.41037 0.280
1.3»u1 0.630 30.1 1470 470
92 1.41216 0.225
1.40107 0.560 29.8 1470 535
93 1.41431 0.155
1.40362 0.480 33.0 2S50 575
94 1.41537 0.145
1.40354 0.465 34.7 235u 430
95 1.41637 0,110
1.40856 0.330 27.6 2850 740
96 1.41312 0.200
1.40479 0.445 23.2 2850 7*1-0
97 1.41344 0.190
1.40483 0.455 24.3 2850 680
98 1.41330 0.180
1.40376 0.475 28.5 -^- 435
99 1.41240 0.220
1.40220 0.525 27.5 2850 565
(xxix)
Run No. n^ x N n Q Remarks
100 1,41268 0.225
1.40123 0.555 30.8 2850 470
101 1.41388 0.195
1.40268 0.510 31-7 670 540
102 1.41419 0.170
1.40381 0.470 29.9 670 605
(xxx)
Appendix D
Experimental results from Column 2
Results from Column 2 using 2.2.4 trimethylpentane-meti.ylcjclohexane 
test mixture. Dimensions are:
Column length 1 = 125 cm. 
Annular gap b = 1.25 cm 
b/ro = 0.233
Symbols are those given in Appendix C Section I with the exception 
of N, which is number of theoretical plates in 125 cm. Refractive 
index measurements and calculation of K were made as described in 







































0.175 9.0 1670 4250 v/ipers
0.170 11.7 • 1670 2530
1670 2000
1670 4830








































































































































1 .41 1 08
1 .41 31 6







































































1000 7400 column wall
Adiabatic




Runs 130 on. 
7400 nigh heat loss
from stillpot 
7400 for Kuns 103-
134( 2400: 0/nr) 
6160 Reduced( 400
for all
























1 .41 1 77
1 .40851
1 -41 1 77
1 .40727








1 .41 1 89
1.40710
1 .41 1 89
1 .40590
1 .41 1 93
1 .40631





























































































































































16.7 1275 4000 with sweeping
v/ires stirring 





























































































































1 .41 21 3
1 .40944
1 .41 21 7
1 .2^0863



































850 10000 with sweeping
wires





































Constant Defined in text 





acceleration due to gravity 
height equivalent to theoretical plates 
heat of mixing 
heat transfer coefficient 
mass transfer coefficient 
column length 
molecular weight 















refractive index at 25°C





distance in iiennard Jones equation





V vapour racial flow rate moles/sec/cm 
V solute molal volumn cc/mole
V critical volume co o
W width of (vapour or liquid) -'low path cm
X constant defined in text
x liquid mole fraction
y vapour aole fraction
£ gas correction factor
* relative volatility
constant in text}wetting rate cm 
/ activity coefficient^ surface tension








N> kinematic viscosity cm /sec
2 
7T total pressure dyne/ca
3.14159 -.
f density g/cnr 
O" Lennard-Jones force constant
1- shear streao dyney 
jz collision integral






lam. laminar value of
exp. experimental value
L,V refer to liquid, and vapour respectively
D,S refer to distillate and stillpot (mole fractions) respectively
1,2 refer to components 1 and 2 respectively
1.0
11
in i» and r to iuier and outer radii








Axial vapour phase Reynolds number
Liquid phase Reynolds number
Schmidt number
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